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Thesis Abstract: 
Auxin is a phytohormone involved in cell elongation and division. Levels of 
indole-3-acetic acid (IAA), the most abundant auxin, are tightly regulated through 
biosynthesis, degradation, sequestration, and transport. The main auxin biosynthetic 
pathway converts tryptophan to IAA via an IAA-pyruvic acid intermediate. Sequestration 
of IAA occurs in reversible processes by adding amino acids, polyol or simple alcohols, 
or sugars, forming IAA conjugates, or via a two-carbon elongation forming indole-3-
butyric acid (IBA). These forms of auxin have decreased activity and are located in 
multiple organelles. For example, IBA metabolism occurs in the peroxisome whereas 
IAA-conjugate hydrolysis to IAA-amino acids occurs in the endoplasmic reticulum.  
IBA has been used by horticulturists for many years to induce rooting in plants. 
Four enzymes have been hypothesized to act specifically in IBA conversion to IAA.  
Loss of these enzymes results in decreased IAA levels, a reduction in auxin-induced gene 
expression, and strong disruptions in cell elongation corresponding with developmental 
abnormalities. Three enzymes hydrolyze IAA-conjugates, including IAA-Ala and IAA-
Leu, to active IAA. Loss of these three enzymes leads to decreased IAA levels and 
developmental defects in root growth. MES17 is part of a family of enzymes proposed to 
convert methyl-IAA or IAA-sugars to active IAA. Mutants in this enzyme show changes 
in hypocotyl length. 
Using a combination of molecular and genetic tools, I examined how these 
storage forms are working together to contribute to overall IAA levels and IAA response 
in both the model plant Arabidopsis thaliana and Zea mays. In Arabidopsis, I examined 
mutants that combine disruptions in the pathways converting IAA conjugates and IBA to 
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free IAA. These mutants show phenotypes indicative of low auxin levels, including 
abnormal vein patterning and decreased apical dominance. Root phenotypes include 
changes in root length, root branching, and root hair growth.  IAA levels are significantly 
reduced in the cotyledon tissue but not in meristems or hypocotyls. In the combination 
mutants, auxin biosynthetic gene expression is increased, particularly in the YUCCA/ 
TAA pathway, providing a feedback mechanism that allows the plant to compensate for 
changes in IAA-input pathways and maintain cellular homeostasis. The combination 
mutants also revealed a novel role for IAA in germination. Gibberellic Acid (GA) is able 
to rescue this germination defect, suggesting an interaction between IAA and GA in seed 
germination. 
Overexpression of specific IAA-input genes enabled us to further elucidate how 
each of these input pathways is contributing to overall auxin levels and development of 
the plant. For instance, overexpression of a gene involved in IBA metabolism causes an 
increase in lateral root density in the plant, a phenotype that may be advantageous in 
agriculture. 
In maize, I examined how IBA is contributing to IAA levels in the plant. I 
identified homologs to Arabidopsis genes necessary for IBA conversion to IAA and then 
used reverse genetics to examine the effects in the plant when IBA metabolism was 
disrupted. I found several developmental phenotypes similar to other low auxin mutants, 
including decreased tassel branching and decreased yield. These phenotypes suggest that 
IBA is playing a significant role in overall auxin homeostasis in maize. 
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Chapter 1: Introduction 
1.1 Auxin 
 
1.1.a. Identification of auxin 
 
 Auxin is a phytohormone that was first discovered by Charles Darwin in 1880 
(Darwin, 1880). It was finally identified as indole-3-acetic acid (IAA) in 1935 (Kogel, 
1934; Went, 1937; Mano and Nemoto, 2012) and characterization has followed in the 
following years. 
 
1.1.b. Importance of auxin 
 
 The phytohormone auxin regulates cell elongation and division. IAA is the 
primary auxin, although related compounds have been identified in plants and several 
synthetic compounds produce auxin-like responses.  IAA signaling affects expression of 
thousands of genes (Paponov et al., 2008; Simon and Petrášek, 2011) and non-
transcriptional activity, including changes in membrane transport, regulates additional 
physiological responses (Perrot-Rechenmann, 2010; Simon and Petrášek, 2011). Plants 
require auxin for root development, shoot apical dominance, tropic responses, and 
flowering as well as many other aspects of growth and development. Auxin application to 
wild-type Arabidopsis roots increases lateral root formation and decreases primary root 
length, although excess auxin leads to plant death.  Mutants with low IAA levels have 
decreased lateral root number and increased primary root length (Evans et al., 1994; 
Rampey et al., 2004; Strader et al., 2011). Auxin also controls cell expansion and mutants 
with low IAA levels, including the ech2 ibr1 ibr3 ibr10 mutant, have smaller pavement 
cells (Strader et al., 2011). Gravitropic and phototropic responses are also controlled by 
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auxin and mutants with altered auxin homeostasis as well as mutants defective in auxin 
signaling have defects in tropic responses (Paciorek and Friml, 2006; Stepanova et al., 
2008). 
 As might be expected with the critical roles of this hormone, IAA levels are 
tightly regulated through biosynthesis, degradation, and sequestration (Figure 1-1A; 
(Korasick et al., 2013). These alternative strategies for IAA metabolism appear to 
underlie the macroevolutionary differences among land plants in the regulation of 
developmental processes, including embryo development and meristem structure (Ester 
Sztein et al., 1999). 
 
1.1.c. Auxin de novo biosynthesis 
 
 IAA de novo biosynthesis is one way in which auxin levels are maintained in the 
plant. IAA can be synthesized de novo via pathways that are either tryptophan (Trp)-
dependent or -independent (Figure 1-2) (Normanly, 1997; Woodward and Bartel, 2005; 
Mano and Nemoto, 2012). There are two characterized Trp-dependent pathways used in 
the plant. The best characterized pathway converts Trp to IAA via an indole-3-pyruvic 
acid (IPyA) intermediate. The first step of this pathway, Trp to IPyA, is catalyzed by 
Tryptophan Aminotransferase of Arabidopsis 1 (TAA1). Two other members of this 
family, Tryptophan Aminotransferase Related (TAR) 1 and TAR2, are also thought to act 
at this step (Stepanova et al., 2008). However, TAR1 is expressed in levels 500 times less 
than TAA1 and tar1 mutants resemble wild type plants (Mano and Nemoto, 2012).  
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Figure 1-1: IAA homeostasis pathways. Free IAA levels are maintained in plant cells 
by several mechanisms, including de novo biosynthesis and oxidative degradation. IAA-
conjugate hydrolases (pink) hydrolyze IAA conjugates to free IAA. IBA-response genes 
(blue) are necessary to metabolize IBA to free IAA. IAA-glucose and meIAA are 
converted to free IAA by methyl esterases (green). Oxidative degradation and 
conjugation to Asp and Glu (red) are irreversible.  
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Although tar1 and tar2 mutants do not show any phenotypic defects alone, a taa1 tar2 
double mutant showed a strong defect in the ability to respond to gravity as well as other 
auxin related defects while the taa1 tar2 tar1 triple mutant failed to make primary roots 
(Stepanova et al., 2008). Based on the compounded phenotypes observed in the taa1 tar2 
double mutant and taa1 tar2 tar1 triple mutant, it is hypothesized that TAR1 and TAR2 
act at the same stage in development as TAA1 (Stepanova et al., 2008). In maize, 
vanishing tassel 2 (vt2) acts at this step (Phillips et al., 2011). Both TAR2 and VT2 
contain a N-terminal signal peptide that likely causes localization to the vacuole whereas 
TAA1 does not contain a N-terminal signal peptide and is located in the cytoplasm, 
suggesting VT2 is actually more similar to TAR2 than TAA1 (Mano and Nemoto, 2012). 
The second step of the pathway, IPyA to IAA, is catalyzed by the YUCCA (YUC) 
family of flavin monooxygenases (Mashiguchi et al., 2011). This family consists of 11 
enzymes in Arabidopsis. YUC1, YUC2, YUC4, and YUC6 are closely related and 
combination mutants with these four enzymes result in large developmental defects 
(Cheng et al., 2006). For example, the yuc1 yuc4 mutant is shorter than wild type and 
sterile and the yuc1 yuc2 yuc4 yuc6 mutant is much shorter than wild type and produces 
small irregular flowers (Cheng et al., 2006). YUC8 and YUC9 are very closely related and 
have some overlapping functions, including in lateral root production, but are not 
expressed equally throughout all tissues (Hentrich et al., 2013) suggesting they each play 
unique developmental roles. YUC8 and YUC9 are also necessary for interaction with the 
Jasmonic acid signaling pathway, with yuc8 and yuc9 mutants displaying decreased 
responses to Jasmonic acid (Hentrich et al., 2013).  Sparse inflorescence 1 (SPI1) is a  
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Figure 1-2: IAA de novo biosynthesis. Dark purple labels indicate enzymes known to 
act in the respective pathway in Arabidopsis. Blue labels indicate known enzymes to act 
in the respective pathway in bacteria. 
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homolog of these four enzymes in maize and spi1 mutants have phenotypes similar but 
less severe than vt2, including decreased tassel height and kernel number (Phillips et al., 
2011). 
The other Trp-dependent pathway synthesizes IAA via an indole-3-acetamide 
(IAM) intermediate (Mano and Nemoto, 2012). The only enzyme known to function in 
this pathway is indole-3-acetamide hydrolase (AMI1) and it acts to convert IAM to IAA 
(Mano et al., 2010). This pathway also exists in Agrobacterium tumefaciens and 
Psuedomonas syringae. These bacteria utilize iaaM to catalyze the reaction from Trp to 
IAM and iaaH catalyzes the reaction of IAM to IAA (Figure 1-2) (Mano and Nemoto, 
2012). 
 Mutants defective in Trp biosynthesis are able to make IAA indicating the 
presence of a Trp-independent pathway (Woodward and Bartel, 2005). This pathway is 
thought to work by converting indole or indole-3-glycerol phosphate to IAA (Mano and 
Nemoto, 2012), although the biochemistry of this pathway is not known. 
 
1.1.d. Auxin conjugates (IAA amino acids, peptides, sugars, 
MeIAA) 
 
 
Another mechanism to control the level of active auxin in a cell is sequestration. 
The cellular auxin pool includes both free IAA, the active signaling molecule, as well as 
inactive precursors or conjugated forms (Figure 1-3) (Korasick et al., 2013).  IAA can be 
stored in an inactive state to allow for quick release, vascular transport, or to prevent 
oxidative degradation (Cohen and Bandurski, 1982). Sequestration occurs by reversible 
processes, including addition of amino acids, peptides, or sugars (Figure 1-4).  GC-MS 
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on many plants, including Arabidopsis, tobacco, soybean, rice and maize, has identified 
the conjugated forms of IAA such as methyl-IAA (Me-IAA) and IAA-Leucine (Schulze, 
1977; Tam et al., 2000).     
IAA-amino acid conjugates are formed by GH3 enzymes (Staswick et al., 2005). 
These genes were identified as auxin inducible and maintain auxin homeostasis at high 
IAA levels by conjugating, hence inactivating, IAA (Hagen and Guilfoyle, 1985; 
Staswick et al., 2005).  Dominant gh3 mutants have low auxin phenotypes, including 
rolled leaves, smaller leaves, and decreased lateral roots (Park et al., 2007). Conjugates 
include linkages to Leu, Ala (Kowalczyk and Sandberg, 2001), Val (Ludwig-Müller et 
al., 2009), Gly, Phe (Pěnčík et al., 2009) and Trp (Staswick, 2009).  Other conjugates, 
including IAA-Asp and IAA-Glu, appear to be degradation precursors, as application to 
Arabidopsis does not promote auxin responses (Ljung et al., 2002; Woodward and Bartel, 
2005).  Amidohydrolases convert storage forms back to free IAA. In vitro, IAA-Alanine 
Resistant 3 (IAR3) and ILR1-like 2 (ILL2) hydrolyze IAA-Ala to free IAA (LeClere et 
al., 2002). IAA-Leucine Resistant 1 (ILR1) and ILL2 hydrolyze IAA-Phe and IAA-Leu 
to free IAA (Davies et al., 1999; LeClere et al., 2002). ill2 ilr1 iar3 triple mutants show 
decreased lateral root formation and increased primary root length (Rampey et al., 2004). 
Free IAA levels are reduced in the ill2 ilr1 iar3 mutant (Rampey et al., 2004), suggesting 
the importance of this input pathway for IAA homeostasis. 
MeIAA is made via esterification of a carboxyl group by the IAA carboxyl 
methyltransferase IAMT1; Methyl Esterase 17 (MES17) hydrolyzes MeIAA to free IAA, 
as shown in feeding experiments (Qin et al., 2005; Yang et al., 2008).  IAMT1 was  
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Figure 1-3: Structures of auxins found in the plant. 
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identified by its biochemical activity in vitro (Zubieta et al., 2003). An iamt1-D dominant 
mutant causes curled leaves and IAMT overexpression disrupts gravitropic responses and 
root elongation, mediated by changes in auxin-induced gene expression (Qin et al., 2005). 
MES1, MES2, MES3, MES7, MES9, MES16, MES17, and MES18 have all been shown 
to metabolize MeIAA to free IAA in vitro (Yang et al., 2008). MES17 is the only one of 
these that has been characterized and the mes17 mutant has increased hypocotyl length 
(Qin et al., 2005; Yang et al., 2008).  Together, these results suggest a role for IAMT1 
and MES17 in auxin metabolism.  However, MeIAA has not been identified in plants 
(Qin et al., 2005) and the importance of MeIAA as an independent metabolite or a 
precursor for longer ester conjugates has not been established. 
Auxin-input pathways are differentially expressed in individual tissues and 
developmental stages (Figure 1-1B; (Winter et al., 2007)).  For example, ILR1, which 
hydrolyzes IAA-Leu and IAA-Phe to free IAA, is expressed primarily in two-day-old 
cotyledons, while IAR3 is primarily expressed in vascular tissue (Rampey et al., 2004). 
MES17 expression is low, with highest levels in cotyledons and stems (Yang et al., 2008).   
 
1.1.e. IBA 
 
 
  Additionally, IBA, a two carbon elongation of IAA, has been described as an IAA 
input. GC-MS analysis of many plants, including Arabidopsis, tobacco, soybean, bean, 
rice and maize, has identified IBA and conjugated forms of IAA (Cohen and Bandurski, 
1982; Slovin et al., 1999; Tam et al., 2000; Walz et al., 2002; Normanly et al., 2010; 
Spiess and Zolman, 2013).  IBA is found at lower levels in plants than IAA, leading to 
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questions regarding its assignment as a storage form (Strader et al., 2011; Hu et al., 2012) 
and another study has reported that IBA was not detected in Arabidopsis, Populus, or 
wheat (Novák et al., 2012).  IAA conjugates are found at high levels, especially in plants 
grown in the presence of IAA (Bajguz and Piotrowska, 2009). 
In Arabidopsis seedlings, IBA has been reported to account for 25-30% of the 
total auxin pool (Ludwig-Müller, 2000; Simon and Petrášek, 2011). The mechanism for 
IBA synthesis is unknown; IBA may be made similarly to IAA de novo biosynthesis or in 
a process similar to fatty acid biosynthesis (Ludwig-Müller, 2000). While IAA-
conjugates and MeIAA are converted to IAA in single step processes, IBA is converted 
to free IAA in a multistep process similar to fatty acid β-oxidation (Figure 1-4; (Zolman 
et al., 2008; Strader et al., 2011)) in the peroxisome. IBA is transported into the 
peroxisome by PXA1 (Zolman et al., 2001). Four enzymes have been proposed to act 
specifically in this pathway: IBA-response1 (IBR1), IBR3, IBR10, and Enoyl-CoA 
Hydratase2 (ECH2) (Figure 1-4) (Zolman et al., 2008; Strader et al., 2011). These 
enzymes were identified in a forward genetics screen for plants that are resistant to 
IBA and feeding experiments with labeled IBA showed loss of these enzymes directly 
disrupted IBA conversion to IAA (Zolman et al., 2008; Strader and Bartel, 2011).  
Mutants in these four enzymes have defects in plant development, including lateral 
rooting, vasculature patterning, and root hairs, mediated by changes in auxin-induced 
gene expression (Zolman et al., 2000; Strader et al., 2011). The enzymes are placed in the 
IBA to IAA pathway based on their similarities to enzymes in fatty acid β-oxidation; all 
contain peroxisome targeting signals (Figure 1-4) (Zolman et al., 2008). 
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Figure 1-4:  Predicted mechanism for IBA conversion to IAA.  Fatty acid 
-oxidation is shown for comparison (R = extended carbon chain).  Enzymes or predicted 
enzymes are indicated to the right of the arrow. 
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IBR3 is an acyl-CoA dehydrogenase hypothesized to act in the second step of 
IBA metabolism (Zolman et al., 2007). It has an acyl-CoA dehydrogenase (ACAD) 
domain and an aminoglycoside phosphotransferase (APH) domain. The ACAD domain is 
predicted to act as a dehydrogenase or oxidase in IBA metabolism, depending on the 
cofactor (Ghisla and Thorpe, 2004; Zolman et al., 2007; Arent et al., 2008). Although 
most ACAD domains have dehydrogenase activity, proteins with ACAD domains 
sometimes have oxidase activity including ACX4, which shares 30% sequence similarity 
with other ACAD domains (Mackenzie et al., 2006). The function of the APH domain is 
unknown but it may be for phosphorylation, based on its similarity to kinases in 
eukaryotes and bacterial APH domains that are responsible for phosphorylation of 
antibiotics (Zolman et al., 2007).  
IBR10 and ECH2 are predicted to act as enoyl hydratases because they both have 
enoyl hydratase (ECH) domains (Zolman et al., 2008; Strader et al., 2011). ECH2 also 
has a hot dog domain that is not found in IBR10 (Strader et al., 2011). This domain is 
associated with both enoyl-CoA hydrolases and thioesterases. Because of this domain, 
ECH2 may act in the sixth step to free IAA from IAA-CoA and IBR10 may act in the 
third step (Strader et al., 2011). IBR10 may be acting as the enoyl hydratase because it 
only contains the ECH domain. In Arabidopsis, IBR10 and ECH2 are not redundant 
because the double mutant shows an additive phenotype (Strader et al., 2011).  
IBR1 is a short chain dehydrogenase/reductase (SDR) and may act in the fourth 
step of IBA metabolism (Zolman et al., 2008). SDR enzymes can act as oxidoreductases, 
lyases, or isomerases with the C-terminus providing substrate specificity (Zolman et al., 
2008). Arabidopsis mutants disrupting the IBA to IAA pathway have defects in lateral 
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root formation, primary root length, cotyledon size, root length, hypocotyl length, and 
vascular structure (Zolman et al., 2000; Strader et al., 2011). The quadruple mutant ibr1 
ibr3 ibr10 ech2 has auxin levels reduced by 20%, indicating the importance of this 
pathway in auxin homeostasis (Strader et al., 2011). 
Other enzymes are also thought to act in IBA metabolism because they display 
resistance to IBA or 2,4-DB. These include proteins necessary for peroxisome biogenesis 
and import of proteins into the peroxisome, including the peroxisome matrix protein 
receptors PEX5 and PEX7 (Zolman et al., 2000; Ramón and Bartel, 2010), and the 
peroxisome membrane associated proteins PEX4, PEX6, and PEX14 (Hayashi et al., 
2002; Zolman and Bartel, 2004; Zolman et al., 2005; Monroe-Augustus et al., 2011). 
PED1, a ketoacyl-CoA thiolase (Hayashi et al., 2000), is thought to also work in IBA 
metabolism by removing acetyl CoA from IAA-CoA and releasing free IAA (Figure 1-2). 
Although ped1 mutants show resistance to IBA, it also acts in fatty acid β-oxidation 
(Hayashi et al., 2000).  
 
1.1.f. Auxin degradation 
 
Little is known about auxin degradation. IAA degradation occurs in a non-
reversible process in which IAA is oxidized forming 2-oxoindole-3-acetic acid (oxIAA) 
(Pěnčík et al., 2013). IAA can also be non-reversibly conjugated to IAA-aspartic acid 
(IAA-Asp) or IAA-glutamate (IAA-Glu) (Normanly et al., 1995; Ljung, 2013). These 
conjugates are then oxidized forming oxIAA-Glu, oxIAA-Asp, or hydroxyl(OH)-IAA-
Asp. However, these conjugates are present at levels much lower than oxIAA indicating 
oxIAA is the main degradation product (Pěnčík et al., 2013).  Plants with high levels of 
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IAA, including plants overexpressing YUC1, have high levels of oxIAA (Pěnčík et al., 
2013), indicating degradation is an important component in order for the plant to 
maintain IAA homeostasis. 
 
1.1.g. Synthetic auxins 
 
 There are many compounds that are classified as synthetic auxins. The plant 
responds to these substances similar to how it responds to endogenous auxins. Some 
common synthetic auxins include 1-naphthaleneacetic acid (NAA), 2-Methoxy-3,6-
dichlorobenzoic acid (Dicamba), 2,4-dichlorophenoxyacetic acid (2,4-D), 4-Amino-3,4,5-
trichloropicolinic acid (Picloram), and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), 
although 2,3,4-T is no longer in use. Auxins including Dicamba and 2,4-D are used as 
herbicides. Typically, dicot plants are more susceptible to application of synthetic auxins 
than monocot plants, thus making auxins convenient lawn herbicides. 
 
1.2. Auxin Regulation 
 
 Regulation of auxin levels is controlled differently in each tissue, at each 
developmental stage, and at a subcellular level.  For example, ILR1, which hydrolyzes 
IAA-Leu and IAA-Phe to free IAA, is expressed primarily in two day old cotyledons, and 
IAR3 is primary expressed in vascular tissue (Rampey et al., 2004). IBA-response genes 
are most highly expressed in early seedling development but are expressed throughout the 
life cycle (Zolman et al., 2008). Organelle location is also used to control auxin levels in 
the plant. For example, IBA metabolism occurs in the peroxisome whereas IAA-amino 
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acids are hydrolyzed in the endoplasmic reticulum (Zolman et al., 2000; Woodward and 
Bartel, 2005). Still other processes occur in the cytoplasm, such as conversion of Me-IAA 
to IAA via MES17 and some de novo biosynthesis pathways. Oxidative degradation is 
also thought to occur in the cytoplasm (Ljung, 2013). The many ways of regulation 
indicate the importance of maintaining specific amounts of IAA in the plant. 
In addition, expression and activity in these pathways are connected to 
environmental stress conditions in many plant species (Titarenko et al., 1997; Tognetti et 
al., 2010; Kinoshita et al., 2012; Woldemariam et al., 2012; Salopek-Sondi et al., 2013). 
For example, a UDP-glycosyltransferase, UGT74E2, acts to glycosylate IBA. 
Overexpression of UGT74E2 leads to increased amounts of IBA-Glc and drought 
tolerance in Arabidopsis (Tognetti et al., 2010). 
 
1.3. Auxin transport and signaling 
 
 Auxin transport is important for maintaining proper auxin levels and gradients in 
cells and whole tissues. Auxin is synthesized in the shoot apex of the plant as well as in 
young leaves and roots (Blakeslee et al., 2005). Auxin is then transported to desired 
tissues (Blakeslee et al., 2005). The plant uses two families of IAA efflux carriers, PIN 
and ABCB proteins, to remove IAA from the cell (Ljung, 2013). It does this by localizing 
the PIN and ABCB proteins to one side of the membrane. While the plant has many PIN 
proteins, they are all localized to specific tissue. For instance, PIN1 is localized to the 
xylem parenchyma and pin1 mutants have a decreased number of rosette leaves and a 
bare inflorescence stem (Vernoux et al., 2000) while PIN2 is localized to root cortical 
cells and pin2 mutants have reduced gravitropic responses (Blakeslee et al., 2005). The 
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cell brings auxin into the cell via influx carries belonging to the Auxin 1 (AUX1) and 
Like AUX1 (LAX) family. aux1 mutants have reduced gravitropic responses (Blakeslee 
et al., 2005) and lax2 mutants have vasculature defects including vasculature breaks 
(Peret et al., 2012). PIN-LIKES (PILS) genes are also important for trafficking IAA from 
the cytosol to the Endoplasmic Reticulum (ER) (Barbez et al., 2012; Feraru et al., 2012). 
When IAA is present at high levels in the cell, members of the TIR1/AFB family 
of receptors bind directly to the IAA. The TIR1/AFB-IAA complex forms a co-receptor 
complex with the Aux/IAA proteins, targeting them for degradation by the 26S 
proteasome (Ljung, 2013). In Arabidopsis, there are 29 Aux/IAA proteins (Ljung, 2013). 
Aux/IAA proteins act as negative regulators of auxin signaling. Once the Aux/IAA 
proteins are targeted for degradation, the Auxin Response Factor (ARF) proteins bind to 
auxin response elements (TGTCTC in the promoter region) allowing for changes in 
transcription (Ljung, 2013). 23 ARF proteins are found in Arabidopsis (Ljung, 2013). 
 
1.4 Auxin and ethylene 
 
 Ethylene is a phytohormone involved in many aspects of plant development, 
including inhibition of growth in etiolated seedlings in both shoot and root tissue. In the 
presence of ethylene, etiolated seedlings display a short, thick hypocotyl as well as an 
increased apical hook curve (Guzmán and Ecker, 1990). This response is known as the 
ethylene triple response and has been used as an assay to screen for mutants resistant to 
ethylene (Bleecker et al., 1988). Mutant screens identified many ethylene resistant 
mutants including weak ethylene insensitive 8 (wei8) (Stepanova et al., 2008). The WEI8 
gene was renamed TAA1 to more accurately describe its function (Stepanova et al., 2008) 
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and, as mentioned previously, is involved in auxin de novo biosynthesis thus providing 
evidence of a crosstalk pathway between ethylene and auxin. taa1 mutants show weak 
ethylene insensitivity, including a shorter root in the presence of ethylene or 
aminocyclopropane-1-carboxylic acid (ACC), an ethylene precursor. Auxin induces 
ethylene biosynthesis by inducing transcription of ACC synthase 11 (ACS11) (Abel et al., 
1995; Stepanova et al., 2008). Auxin also induces Ethylene-Insensitive 3 (EIN3) protein 
stability, which then induces transcription of TAA increasing auxin production through 
the TAA/YUC pathway (He et al., 2011).  
1.6. Germination 
 
 Germination occurs when the radicle emerges from the seed coat (Sliwinska et al., 
2009). Germination is controlled by many factors including dormancy, cold acclimation, 
and hormone levels. Dormancy is defined as the inability of a seed to germinate under 
favorable conditions (Hilhorst, 2007). This insures enough water is present for cellular 
processes as well as temperatures are favorable for plant growth. Dormancy is controlled 
by Abscisic acid (ABA) levels as well as light and temperature exposure; high ABA 
levels, low light, and low temperature promoting dormancy (Rodriguez-Gacio Mdel et 
al., 2009). Water levels also play a key role in keeping the seed dormant (Nambara, 
2010). Alternatively, cold acclimation or stratification is known to promote germination 
and prolonged periods cause early germination (Nordborg and Bergelson, 1999). 
Stratification decreases ABA levels in the plant thus allowing the seed to germinate (Ali-
Rachedi et al., 2004). Ethylene also plays a role in germination by inhibiting ABA 
biosynthesis  (Ghassemian et al., 2000).  
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 While ABA is known to suppress germination, GA acts to promote germination 
(Rodriguez-Gacio Mdel et al., 2009). GA biosynthesis and signaling have been examined 
in many species including Arabidopsis, pea, and maize (Hedden and Kamiya, 1997) and 
mutants in GA biosynthesis, including ga1, display strong germination defects 
(Debeaujon and Koornneef, 2000).  GA biosynthesis occurs in three major stages. The 
first stage is a two-step process converting geranylgeranyl diphosphate (GGDP) to ent-
Kaurene via a copalyl diphosphate (CDP) intermediate (Hedden and Kamiya, 1997) 
(Figure 1-5A). ent-copalyl diphosphate synthase (CPS) is the enzyme responsible for 
conversion from GGDP to CDP while Kaurene Synthase (KS) is responsible for 
conversion of CDP to ent-Kaurene. The Arabidopsis mutant ga1 has a mutation in the 
CPS gene while the mutant ga2 has a mutation in the KS gene (Hedden and Kamiya, 
1997) (Figure 1-5A). The second stage of the pathway involves oxidation of ent-Kaurene 
to GA12-aldehyde (Figure 1-5B). Paclobutrazol (PAC), a GA biosynthesis inhibitor, acts 
at this stage to prevent oxidation to GA12-aldehyde (Cowling and Harberd, 1999; 
Piskurewicz et al., 2008) (Figure 1-5B). The last stage of the pathway consists of 
additional oxidative steps to release active GA hormones, which includes GA1, GA3, and 
GA4. ga4 mutants prevent oxidation of GA9 and GA20 to GA4 or GA1, respectively 
(Hedden and Kamiya, 1997) (Figure 1-5C). Active GA then binds to GID1. The GID1-
GA complex then binds to the DELLA proteins, targeting the DELLA proteins for 
degradation by ubiquitination (Sun, 2010). DELLA proteins are transcriptional repressors 
and degradation of DELLA proteins allows transcriptional changes that promote 
germination, stem elongation,  flowering, and other GA controlled aspects of 
development (Sun, 2010). 
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Figure 1-5: GA biosynthesis. A) The first stage in GA biosynthesis, B) the second 
stage in GA biosynthesis, C) the final stage in GA biosynthesis yielding active GA. D) 
Structure of one of the active GAs (GA3). Known Arabidopsis mutants are italicized in 
the pathways.  Adapted from (Fleet et al., 2003)
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 GA levels have been shown to be dependent on IAA in shoot development in pea 
(O'Neill and Ross, 2002).  However, only a few studies have been done to examine the 
link between auxin and GA. In pea, IAA induces production of the active form of GA, 
GA1 by increasing transcription of PsGA3ox1, a GA 3-oxidase (Ross et al., 2000). 
Similarly, loss of IAA by decapitating the pea plant leads to increased transcription of a 
GA 2-oxidase, which leads to increase in GA29, an inactive form of GA. One study 
demonstrated that plants with low GA levels have decreased accumulation of PIN 
proteins and thus decreased auxin transport (Willige et al., 2011), while another study 
showed that auxin controls root growth through gibberellin response, more specifically 
by triggering GA-induced destabilization of DELLA proteins (Fu and Harberd, 2003). 
However, the link between GA and auxin in germination has not been examined.  
1.5. Role of auxin in monocots 
 
While similar pathways are hypothesized to be necessary for auxin homeostasis in 
both monocots and dicots, many differences are seen. For example, dicots are more 
susceptible to the synthetic auxin 2,4-D. Also, single mutants in auxin biosynthesis and 
transport have more severe phenotypes than seen in the dicot orthologs. In monocots, 
auxin regulates the development of adventitious and lateral roots, vascular tissues, leaf 
number, and leaf blade area. These processes have been examined through loss of 
function mutants (McSteen, 2010). Maize mutants with disrupted auxin homeostasis 
show defects in growth and development. For example, auxin transport mutants, such as 
barren inflorescence 1 (bif1), barren inflorescence 2 (bif2), pin1, and a mutant disrupting 
auxin biosynthesis, sparse inflorescence (spi1), have decreased leaf number, indicating 
the role of auxin in leaf formation (Barazesh and McSteen, 2008; Gallavotti et al., 2008). 
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Narrow leaves are also seen in some auxin mutants such as Osna17, a rice auxin 
biosynthesis gene (Fujino et al., 2008). Auxin plays a key role in root mass as evident by 
the constitutively wilted (cow1) mutant in rice (Woo et al., 2007; McSteen, 2010), which 
has decreased root mass leading to leaf rolling and wilting. Lateral and crown root 
formation are disrupted in maize auxin mutants (McSteen, 2010). Auxin is necessary for 
proper vascular differentiation in monocots (Scarpella and Meijer, 2004) and auxin 
transport mutants show a dwarf phenotype (Multani et al., 2003). These previously 
documented phenotypes indicate the importance of auxin in monocot development.  
Although these mutants show the importance of auxin biosynthesis and transport, 
the importance of auxin storage forms including IBA-derived IAA has not been evaluated 
in maize. IBA accumulates in both the roots and shoots of the maize plant (Ludwig-
Muller and Epstein, 1991) and application of either IBA or IAA initiates lateral roots 
indicating that maize is able to convert IBA to IAA (Ludwig-Muller and Epstein, 1991). 
In fact, IBA has long been used to stimulate rooting in horticulture but the mechanism by 
which this occurs is unknown (Epstein et al., 1989). In maize, increases in IBA 
concentrations are seen in response to drought stress and specific fungal infections 
(Kaldorf and Ludwig-Müller, 2000; Simon and Petrášek, 2011). Since IBA is involved in 
root and vascular architecture, understanding IBA metabolism in maize can lead to 
engineering crops with more efficient root structure and increased biomass. 
1.7. Overview of Study 
 
Auxin is a vital plant hormone necessary for proper growth and development. 
Auxin de novo biosynthesis has been examined in both Arabidopsis and maize. In 
Arabidopsis, individual input pathways including IBA metabolism and IAA conjugate 
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hydrolysis have also be examined. Although input pathways have been examined, why 
the plant has so many auxin input pathways, what the role of each pathway is, and how 
they work together to maintain auxin levels is not known. This work aimed to examine 
how overall auxin levels are maintained in both Arabidopsis and maize. In maize, I 
examined how IBA was controlling growth and development of the plant by evaluating 
single mutants disrupting IBA metabolism. Evaluation of these mutants revealed roles for 
IBA in plant development in ear and tassel development as well as leaf development.  
In Arabidopsis, I examined how the IAA-input pathways are working in 
combination to maintain auxin homeostasis. When one auxin-input pathway is lost, auxin 
responses change.  However, the phenotypes when non-biosynthetic pathways are 
mutated are generally weaker than those seen in biosynthetic mutants. The variations in 
phenotypes may be due to compensation by other pathways. My goal was to examine the 
overlapping roles of the multiple IAA input pathways in Arabidopsis. Our data indicate 
that input pathways work together to regulate IAA levels.  Mutations in two pathways 
lead to reductions in auxin levels with increasing disruptions to physiological responses.  
Although many of the phenotypes identified in combination mutants had 
previously been seen in higher-order mutants that disrupted one auxin input pathway, a 
germination defect was seen in mutants disrupting IBA metabolism and IAA conjugate 
hydrolysis.  This defect revealed a novel role for auxin in germination. Additional 
analysis of this germination defect also led to identification of a link between IAA and 
GA in germination.  
Combination mutants and IBA metabolism mutants in Arabidopsis and maize 
respectively displayed upregulation of functional auxin input pathways suggesting a 
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feedback loop. The plant appears to be able to sense disruptions in IAA, thereby 
upregulating other functional input pathways. Discovery of this feedback loop has 
enabled examination of how the plant is controlling overall auxin homeostasis at the 
transcriptional level.  
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Chapter 2: Material and Methods used for Arabidopsis thaliana. 
 
2.1 Plant Materials 
 
 Arabidopsis thaliana accession Columbia (Col) was used in these studies. 
 
 
2.1.a. Mutant Isolation and genotyping 
 
Insertion mutants are mutants that contain a T-DNA insert in the desired gene. 
The insertion mutants iar3-6 (Salk_090805; At1G51760), ill2-2 (At5G56660), mes17 
(Salk_092550; At3G10870), and taa1 (Salk_022743; At1G70560) were previously 
characterized (Rampey et al., 2004; Stepanova et al., 2008). Characterized point mutants 
included ilr1-5 (At3G02875), ibr1-1 (At4G05530), and ibr3-1 (At3G06810) (Rampey et 
al., 2004; Zolman et al., 2007; Zolman et al., 2008). Double mutants iar3-6 ill2-2 and 
ilr1-5 ill2-2 were previously characterized (Rampey et al., 2004). 
The previously characterized single and double mutants were crossed to form 
mutants that combined defects in multiple auxin input pathways (Table 2-1). Crossing 
was done by Dr. Rebekah Rampey, Dr. Bethany Zolman, and myself.  
 Mutants used in germination experiments were ATKS (Salk_017607C; 
At1G79460), ATKO1 (Salk_013671C; At5G25900), GA20OX5 (Salk_097959; 
At1G44090), GA20OX1 (Salk_016701C; At4G25420), GA3OX1 (Salk_005632; 
At1G15550), and GA3OX4 (Salk_015927; At1G80330). 
 
Table 2-1: Crosses to generate higher-order mutants. 
Crosses Mutants 
ibr3 X ill2iar3 ibr3ill2iar3 
ibr1 X ill2iar3 X ill2iar3 ibr1ill2iar3ilr1 
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mes17 X ill2iar3 mes17ill2iar3 
mes17 X ibr3 mes17ibr3 
taa1 X ill2iar3 taa1ill2iar3 
taa1 X ibr3 taa1ibr3 
mes17 X ill2ilr1 mes17ill2ilr1 
yuc1 X ibr1ill2iar3ilr1 yuc1ibr1ill2iar3ilr1 
mes17ill2iar3 X mes17ill2ilr1 mes17ill2iar3ilr1 
mes17ill2iar3  X ibr3ill2iar3 mes17ibr3ill2iar3 
taa1ibr3 X ibr3ill2iar3 taaibr3ill2iar3 
mes17ill2iar3 X taaill2iar3 mes17taa1ill2iar3 
ibr1ill2iar3ilr1 X taa1ill2iar3 taa1ibr1ill2iar3ilr1 
mes17ill2ilr1 X ibr1ill2iar3ilr1 ibr1mes17ill2iar3ilr1 
taa1ibr3 X mes17ibr3 taa1mes17ibr3 
 
  
 Primer sequences used to genotype all mutations are given in Table 2-2. Primer 
sequences used for qPCR analysis were designed using QuantPrime 
(www.quantprime.de) (Table 2-2). To genotype plants with TDNA insertions, PCR was 
performed with one primer set with primers in the gene and spanning the inersertion 
(Table 2-3 designated genomic primers), and one primer set containing one primer in the 
gene and one in the TDNA insertion (designated insertion primers). For point mutations, 
primers spanning the point mutation were used for PCR, and then the amplified product 
was digested with an enzyme that would only cut the mutant or wild type to allow for 
detection of the point mutation (Table 2-3). For genotyping of transgenic lines, a primer 
in the promoter and one in the gene was used, or primers spanning an intron were used. 
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Table 2-2: Primer sequences. All sequences are written in the 5’ to 3’ direction. 
Primer Description Sequence 
TIJ24-1 Forward CGCAACTCACTTTCATCGCTTAGAG 
TIJ24-11 Reverse TGAAAGTGAGAGATGGTGAAACCTGT 
FE322-22 Forward ATGGTGCAGTCTTCCAGGGCCTAACC 
FE322-29 Reverse GAGGATTCGAGATTGCTCAGGTAATA 
42E9-1 Forward GCATGCTTGTGGACATGATGGTCA 
42E9-11 Reverse AAATAGCTTCGACGTTCTTC 
42E9-7 Forward GTCAGTTTCACGTGAAACCAA 
LB1-Syn Salk Primer GCCTTTTCAGAAATGGATAAATAGCC 
ILL4-2 Forward ATAGAAGCTTGACACTGCATAAC 
ILL4-3 Reverse GCAACTCAAGAAAAGAATTGAGC 
LB1-Salk Salk Primer CAAACCAGCGTGGACCGCTTGCTGCA 
4G12-34 Forward CAATCATCGCTTCCGCTA 
4G12-43 Reverse CCACGCAGCTACACCGCA 
mes17-4 Forward CTCCGGCGTAATCGATGGCGGAGGA 
mes17-5 Reverse CACCATGTTCTGATAGATCAGGCACT 
yuc4 gF1 Forward CCCTTCTTAGACCTACTCTAC 
yuc4 gR2 Reverse GCCGCTACGGCTAGACCGGAAGGCCCGGCT 
yuc1 gF1 Forward  GGTTCATGTGTTGCCAAGGGA 
yuc1 gR1 Reverse CCTGAAGCCAAGTAGGCACGTT 
ECH2-1 Forward CTCATCGGAATCCACAGCATCTTG 
ECH2-2 Reverse GTTTTATTCACAGACGCGTTACACC 
ECH2-3 Reverse CGGGAAGCTTGTGAGCGAGAAGAAGATCAG 
24670F1 Forward GCACGCAAGTGAAGCTCCAAGC 
24670R1 Reverse ATACTGTGGCCAATAGTAAGCC 
JMLB1 Salk primer GGCAATCAGCTGTTGCCCGTCTCACTGGTG 
SUR2-3 Forward GACCCTAACCGCCCTAAACAAGAAACAGAG 
SUR2-4 Reverse GGAGCTCAAAATCTTGGCCCTTGAAGTCCA 
35S-F3 Forward ATGACGCACAATCCCACTATCCTTCG 
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Primers used for qPCR: 
YUC1-F1 Reverse TCCCTTGGCAACACATGAACGG 
YUC1-R1 Forward ACCTCGTCCGACATAACGCATC 
YUC2-F1 Forward TTTGGACGTTGGCACTCTTGC 
YUC2-R1 Reverse CGTTTCAACTCCGGATACACCTTG 
YUC3-R1 Forward ATGGTCGTTCGTAGCGCTGTTC 
YUC3-F1 Reverse GCGAGCCAAACGGGCATATACTTC 
YUC4-qF1 Forward AATGTACCCGATTGGCTTAAGGAG 
YUC4-qR1 Reverse ACCCACCGTGTATAGTCCCTTC 
YUC5-F1 Forward AACGCGTGGAAAGGGAAATCGG 
YUC5-R2 Reverse TCTGCTGATGCTCCAGCCAATC 
YUC7-F1 Forward ACTCAGGCATGGAAGTCTCTCTTG 
YUC7-R2 Reverse AACGGAGCTTCGAACGACCATTG 
YUC8-F2 Forward GCGGTTGGGTTTACGAGGAAAG 
YUC8-R2 Reverse TGCGATCTTAACCGCGTCCATTG 
YUC9-F1 Forward AGTCCGGCGAGAAATTCAGAGG 
YUC9-R1 Reverse AACATGAACCGAGCTTCTAACGAC 
YUC10-F1 Forward TCCGTTTGCAATTGGTTAGAGGAC 
YUC10-R1 Reverse TTTGGCATCGGTGCTTTGGG 
YUC11-F1 Forward TGTGGACTCCATTGTCTTCGCAAC 
YUC11-R1 Reverse TGGACTCCATTGTCTTCGCAACTG 
TAA1-RT Forward TTCGTGGTCAATCTGGATCATGG 
TAA1-RT Reverse ACACCTGTCACCCATCTTCCTC 
TAR2-RT Forward GCTCTTCACTGCTTCAAAGAGCAC 
TAR2-RT Reverse TCTGTCTTTCACCAAAGCCCATCC 
NIT1-RT Forward GCATTGTACGCCAAAGGCATTGAG 
NIT1-RT Reverse GAATTGGCAAGCCGACAAGACG 
NIT2-RT Forward GCTTTGTACGCCAAAGGCATTGAG 
NIT2-RT Reverse AGAACTGGCAAGCCGACAATACG 
MES17-RT Forward ACCACTCATCGACTTCCTCTCCTC 
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MES17-RT Reverse GTGACCCACAAGTATCACCTGTTC 
IAA18-RT Forward AGACAAGGAGGCATGTTTGTGAAG 
IAA18-RT Reverse TTTGAGCTGCAAGAAGACCTCTG 
AUX1-RT Forward CAGCTGCGCATCTAACCAAGTG 
AUX1-RT Reverse GATGAGATAAGCAGTCCAGCTTCC 
STY1-RT Forward ACCGGCAACTTCATCGTCTCTTG 
STY1-RT Reverse TGCCAACTTCTAGCCCTGAATGAG 
PLT3-RT Forward GCTGTTGTGGCTGTGGAAACATC 
PLT3-RT Reverse TCTTCCCGTCCATCTATGTCGAG 
PLT5-RT Forward AGCTTTCTCCACTTCTCCAGTCG 
PLT5-RT Reverse TGGTCTTGTTGTCGTCGTTGAGG 
PLT7-RT Forward AGATCTTTACCTCGGAACCTTTGC 
PLT7-RT Reverse TGCAATGTCATAAGCCTCTGCTG 
IBR3-F1 Forward TTCTCGCAATGGCCAAGGTTGC 
IBR3-R1 Reverse GCTGCTCCATGAACTTGTATTGCC 
IBR1-RT Forward ATCACCGGTAGCTCTGAAGTGAGG 
IBR1-RT Reverse ATGTCTCCCGTTGTTCCCAACC 
ECH2-RT Forward ATGGGCAGGATTTGATCCAGGTC 
ECH2-RT Reverse ACTGCTGCCCATGCAACAAGAG 
IAR3-F2 Forward GCTTCCCTTCATGCTTCCATGG 
IAR3-R2 Reverse GTTTGTTGGCATCAAAGTTCATC   
TFL2-F1 Forward GACAATGTCCAGGAAGTGTTGGTG 
TFL2-R1 Reverse TGCTTCCTTCCCATCAGACCTC 
UBQ10-RT Forward TTGGAGGATGGCAGAACTCTTGCT 
UBQ10-RT Reverse AGTTTTCCCAGTCAACGTCTTAACGA 
EIF4a-RT Forward CAACAATGCCACCAGAAGCTCTTGAG 
EIF4a-RT Reverse CACAGCAACAGAACCGACTTCTTTTC 
IAA30 qF1 Forward CGTGCTAACGTACGCAGACAAAG 
IAA30 qR1 Reverse CTCACGCTAGACAAGAACATCTCC 
IAMT-F1 Forward CTTGCATTGGCTCTCTCAGGTG 
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IAMT-R1 Reverse TCTATTGTACGCCGCCGATCTC 
ASA1-F1 Forward TGGAAAGAGAGTCTTAAGCATGGC 
ASA1-R1 Reverse TCGTAAGCTGCAACCCTAAATGG 
ECH2 qF2 Forward ATGGGCAGGATTTGATCCAGGTC 
ECH2qR2 Reverse ACTGCTGCCCATGCAACAAGAG 
AT1G19340.1 
F1 
Forward AAAGTTTAGTGGGCGCATTCCC 
AT1G19340.1 
R1 
Reverse AAACGATCATGAGGGCCCAAGC 
AT1G23160.1 
F1 
Forward AGCGAGTGGATCACGGACATTG 
 
AT1G23160.1 
R1 
Reverse TGAGGCCCACCAAGAACTAGAGAC 
 
AT1G59500.1 
F1 
Forward CCATCACCGAGTTTCTCACAAGC 
AT1G59500.1
R1 
Reverse TCACAGGCATGAGAAGATTGCC 
AT1G05680.1 
F1 
Forward TTTCCCTTCGTTCCCGATGCTG 
 
AT1G05680.1 
R1 
Reverse TTCGGGTATGAGGACGATTCGC 
AT3G02000.1 
F1 
Forward 
AGCTTAGGATTCGGCGGTTTGG 
AT3G02000.1 
R1 
Reverse 
AGCCAGGGACTCTATACGAAGCAG 
AT5G06070.1 
F1 
Forward 
AGCTTAGACCGATGGTGACGAG 
AT5G06070.1 
R1 
Reverse 
TGACGCAAACGCTCTCTCTTCC 
AT1G19270.1 
F1 
Forward 
GGCAATGTGAAGTTACCGCCATTC 
AT1G19270.1 
R1 
Reverse 
TGGCTCAGTGTTCGGAATCCTTTG 
AT5G03680.1 
F1 
Forward 
ACGCAAACGCAAACGTAACCAC 
AT5G03680.1 
R1 
Reverse 
TCCCATGAAGAACGGGAAGCAG 
At3g15540-F Forward GGTTAGGGTATGTGAAAGTGAGC 
At3g15540-R Reverse GTCACCATCTTTCAAGGCCACACC 
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At4g27260-F Forward TCTCTGAGTTCCTCACAAGCTCT 
At4g27260-R Reverse CGAGACCAGGAACGAACTGGCTC 
CM3-F1 Forward ACGAGCTCAGTATCGCTACAACG 
CM3-R1  Reverse GACTCTTGTACCTGTCCACCTTTG 
CM1-F1 Forward TGAGAAGCTTCACGCTAAGGTTGG 
CM1-R1 Reverse GGCTCTGGTAGATCATCAGGGAAG 
ILR1-F1 Forward CTTCTTCCGCTGTTGTTGCCTTG 
ILR1-R1 Reverse ACTGTAACCACACCAGCTTCGAG 
SUR2 -F2 
Forward TGGATATTGTTGTGCCGGGAACTG 
SUR2 -R2 
Reverse CACACTCCTCACTTCGTCTTGAGC 
IBR10-F1 Forward ATTGTTGACTCGGCCGCGTATG 
IBR10-R1 Reverse TCGCCGCCAATTTCTCACCAAG 
ILL2-F1 Forward AGGAACTCTTCGAGCCTTTACCG 
ILL2-R1 Reverse GCTGCTTGCTTGGTAATCACCTC 
Primers used for cloning: 
iaaM CP F2:  Forward GTACCCGGGCAGCACGTCAGGTTGAAGAGGAT
AGCGTC 
iaaM CP R2:  Reverse GATTCAAGTGGCGGCCGCTCGCGCATACTCTTC
TCCCTGTATAAGCGC 
IAR3cpF1 Forward CCACAGTTTAAACAACTTCTTCGATCTCTTC 
IAR3cpR1 Reverse CTGTTACCATGCGGCCGCATTTTTCAGAGTAGA
AGAATAGG 
ECH2cp-F1 Forward CTGCCCGGGAACTGTTCGTTGCAACAAATTGAT
GAG 
ECH2cp-R1 Reverse AATGCTTTGCGGCCGCGCCAACTTTGTACAAGA
AAGCTGGGTCGG 
ILL2-Fcp2 Forward TCCCCCGGGGGACCATGGCTCTAAACAAGCTCC 
ILL2-Rcp2 Reverse ATAGTTTAGCGGCCGCATTCTTATAAGGTTTAG
AGTTCTTCATG 
MES17-Fcp2 Forward TCCCCCGGGGGAGATGGCGGAGGAGAATC 
MES17-
Rcp2 
Reverse ATAGTTTAGCGGCCGCATTCTTATTTAGATAGA
ACCGACGG 
Spiess, Gretchen, 2014, UMSL, p. 40 
 
HisIBR3-F Forward GGAAGTTTAAACGGATAACAATTCCC 
HisIBR3-R2 Reverse AGTGGATCGCGGCCGCCGGATCCAAGA 
 
 
Table 2-3: Primer combinations used in this study for genotyping. 
Mutant Isolation Genomic Primers Insertion Primers 
iar3-6 ILL4-2 + ILL4-3 ILL4-2 + LB1-SALK 
ill2-2 42E9-1 + 42E9-11 42E9-7 + LB1-SYN 
mes17 mes17-4 + mes17-5 mes17-5 + LB1-SALK 
taa1 taa1 + taa2 taa1 + LB1-SALK 
tar2-1  24670F1 + 24670R1 24670F1 + LB1-SALK 
tar2-2 24670F1 + 24670R1 24670F1 + LB1-SALK 
sur2 CYP83B1-F1 + CYP83B1-R1 CYP83B1-F1 + JMLB1 
yuc1 yuc1gF1 + yuc1gR1 yuc1gR1 + JMLB1 
yuc4 yuc4gF1 + yuc4gR1 yuc4gR1 + JMLB1 
Mutants and transgenics Primers 
ibr1-1 TIJ24-1 + TIJ24-11 
ibr3-1 FE322-22 + FE322-29 
ill2-2 42E9-1 + 42E9-11 
ilr1-5 4G12-34 + 4G12-43 
35S ILR1 4G12-34 + 4G12-43 
aux1-3 aux1-3 + aux1-4 
35SIBR3-His 35S-F3 + F3E22-27 
35S IBR3S407A 35S-F3 + F3E22-27 
35S IBR3G824A 35S-F3 + F3E22-27 
35S IBR3E579A 35S-F3 + F3E22-27 
35S IBR3K843A (PTS1del) 35S-F3 + F3E22-27 
35S IBR3N256A 35S-F3 + F3E22-27 
35S IBR3S71A 35S-F3 + F3E22-27 
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35S ECH2G223E 35S-F3 + ech2-1 
35S ECH2K287A 35S-F3 + ech2-1 
35S ECH2G231D 35S-F3 + ech2-1 
35S ECH2G231A 35S-F3 + ech2-1 
35S ECH2D208A 35S-F3 + ech2-1 
35S ECH2S198A 35S-F3 + ech2-1 
Mutant Restriction enzyme Products 
ibr3-1 Alu1 WT = 150 Mut =120 
ibr1-1 Pst1 WT = 230 Mut = 205 
ill2-2 BspH1 WT = 253,197,57 
Mut = 253 
ilr1-5 RsaI WT = 199, 275 Mut = 574 
ech2-1 HinfI WT = 214 Mut = 243 
aux1-7 Dpn2 WT = 69,73,250 
 Mut = 69,73,167,83 
 
Table 2-4: PCR programs used. 
Program Number 
of cycles 
Denaturation 
time           temp (ºC) 
Annealing 
time       temp (ºC) 
Elongation 
time     temp (ºC) 
SSLP 39 15sec 94 15sec 55 30sec 72 
50-1 39 30sec 94 30sec 50 1min 72 
CAPS 39 30sec 95 30sec 55 3min 72 
Gretchen1 
(qPCR 
machine)* 
39 10sec 95 10sec 55 30sec 72 
*Melt curve was added at end of cycle. 
 
2.2 Phenotypic Assays 
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To surface sterilize seeds, seeds were placed in 30% bleach solution + 0.01% 
Triton-X-100 for 10 minutes, rinsed three times with sterile water and suspended in 0.1% 
agar for plating. Seedlings were grown on plant nutrient media (PN) with 0.5% sucrose 
(PNS) (Haughn and Somerville, 1986). Micropore surgical tape was used to wrap plates 
before incubation at 22°C in continuous light. All plates containing hormones were 
incubated under yellow-filtered light. Except for germination studies, sterilized seeds 
were imbibed in 0.1% agar at 4°C for 3 days to promote even germination. 
 
2.2.a. Apical hook measurement 
 
To measure apical hooks, seedlings were grown for 1 day in the light on PNS 
followed by 3 days in the dark. Seedlings were imaged using a dissecting scope and hook 
angles were measured using ImageJ 1.48 bundled with 64-bit Java 
(http://imagej.nih.gov/ij/download.html) software.  
 
2.2.b. Vein patterning 
 
For vein patterning, seedlings were grown for 7 days on media with no added 
hormone or media supplemented with 20 nM IAA.  Plates were wrapped with micropore 
surgical tape and incubated at 22ºC under yellow filtered light. Cotyledons were removed 
from the seedling using fine point forceps and cleared similar to (Sieburth, 1999) by first 
placing the cotyledons in a 24 well plate containing 3:1 ethanol: acetic acid for 24 hours. 
The ethanol: acetic acid was then removed and the cotyledons were placed in 70%, then 
80%, then 90%, and then 100% ethanol for 10 minutes each. 50% chloral hydrate was 
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then added to the wells. The plate was placed at room temperature in the dark. The 
cotyledons were imaged after 48 hours.  
 
2.2.c. Ethylene sensitivity 
 
To measure ethylene sensitivity, seeds were plated on media containing no 
hormone or media supplemented with 0.2 µM ACC. Root length of seedlings was 
measured after growing 1 day in the light followed by 4 days in the dark.  Percent root 
growth was calculated relative to no hormone.  
 
2.2.d. Root elongation 
 
Root length was measured after growth on PNS or indicated concentrations of 
IAA, IBA, IAA-Ala, or IAA-Leu. Seedlings were allowed to grow for 10 days. Primary 
root length was measured in millimeters (mm) after seedlings were removed from plates. 
2.2.e. Lateral root initiation 
 
For lateral root measurements, plants were grown on PNS for 10 days. For lateral 
root induction experiments, plants were grown on media without hormone for 4 days 
before transfer to NAA-containing plates. The number of lateral roots was counted using 
a Leica Zoom 2000 microscope and primary root length was measured for each plant. 
Data are shown as lateral root density (number of lateral roots/millimeter root length).  
2.2.f. Root hair length 
 
To measure root hair length, plants were grown for under continuous white light 
at 22ºC for 7 days on PNS. Plates were wrapped in micropore surgical tape. Seedlings 
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were then removed and place on a slide containing 5% glycerol to allow for easy imaging 
of root hairs and imaged. Root hair length was measured and counted using ImageJ 1.48 
bundled with 64-bit Java (http://imagej.nih.gov/ij/download.html) software.  
 
2.2.g. Germination assays 
 
 For germination assays, seeds were plated on PNS or PNS supplemented with 
indicated concentrations of IAA, IBA, IAA-Leu, IAA-Ala, GA, ABA, PAC, ACC, 
IAA+PAC, or GA+PAC. Seeds were incubated at 22°C under continuous yellow filtered 
light. For dormancy assays, 100 seeds that were 2 days, 2 months, or 2 years past harvest 
date were used. For cold acclimation assays, 100 seeds were sterilized and placed at 4ºC 
for indicated number of hours in 0.1% agar before being plated and moved to 22ºC 
incubator. Germination was examined under a Leica Zoom 2000 dissecting microscope. 
Germination was scored in either days or hours past plating as indicated. A seed was 
considered to have germinated when the radicle first emerged from the seed coat. 
 
2.2.h. Gravitropism 
 
 Seeds were plated on PNS and grown vertically for 4 days under continuous white 
light at 22ºC. The plate was then rotated 90º and placed in the dark at 22ºC. Roots were 
imaged under a dissecting microscope. 
 
2.2.i. Propidium iodide  
 
 To examine pavement cell size, cotyledons were removed from the plant using 
forceps and stained in 1mg/mL propidium iodide for 1 minute and placed on a slide. The 
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cotyledons were imaged using the Zweiss 510 confocal microscope with an excitation 
wavelength of 480 nm. 1 minute staining time was used to prevent the propidium iodide 
from staining the nucleus as well as the cell wall. 
 
2.2.j. Adult phenotypic analysis 
 
For all adult phenotypic assays, plants were grown on PNS as done for seedling 
assays for 10 days and then rescued to soil and placed under continuous light at 22°C. 
Mutants and wild type were placed in a mixed random order in the flats. Apical stems 
were counted 10 days after bolting for each plant. Rolled leaves were determined by 
dividing the number of rolled leaves by the total number of leaves in the rosette on the 
day of bolting. Rosette diameter was measured on day of bolting. Plant height indicates 
the height from the rosette to top of plant and was measured 15 days after bolting. Silique 
length was determined by measuring siliques number 5, 6, 7, and 8 for each plant 15 days 
after bolting.  Seed number was determined by counting and averaging the number of 
seeds in siliques number 5, 6, 7 and 8 per plant. 
2.3 Expression assays 
 
2.3.a. mRNA isolation and cDNA synthesis 
 
Fifteen 5-day-old seedlings were placed in a 1.5ml tube and frozen in liquid 
nitrogen. RNA was extracted from the tissue using Mini Total RNA Kit Plant (MidSci).  
For mRNA extraction for RNAseq, the Qiagen RNeasy Mini kit (No. 74104) was 
used. RNA was DNase (Fisher Scientific) treated on the column to remove contaminating 
DNA. cDNA was made using SuperScript III Reverse Transcriptase (Invitrogen). The 
Spiess, Gretchen, 2014, UMSL, p. 46 
 
bioanalyzer was used to confirm RNA was devoid of DNA contamination and not 
degraded. To do this, 2 µL of 200ng RNA was loaded onto the Agilent RNA 6000 Nano 
Chip. Degradation would have been indicated by sloping peaks instead of sharp peaks. 
 
2.3.b. qPCR 
 
Transcript levels were measured with the BioRad CFX96 Real Time PCR System 
using SsoAdvancedTM SYBR Green Supermix. A no reverse transcriptase and no 
template were used as negative controls for all reactions and all samples were normalized 
to expression of Ubiquitin 10 (AT4G05320). Primers for each gene were designed using 
QuantPrime (Tables 2-5). Primers chosen had similar melting temperatures and when 
possible, spanned exon/exon borders. All samples were done as biological triplicates as 
well as each biological replicate performed in technical triplicate. 
Table 2-5: Primer combinations used in this study for qPCR. 
Target Primer set 
YUC1 YUC1-F1 + YUC1-R1 
YUC2 YUC2-F1 + YUC2-R1 
YUC3 YUC3- F1 + YUC3-R1 
YUC4 YUC4- qF1 + YUC4-qR1 
YUC5 YUC5- F1 + YUC5-R2 
YUC7 YUC7- F1 + YUC7-R2 
YUC8 YUC8- F2 + YUC8-R2 
YUC9 YUC9- F1 + YUC9-R1 
YUC10 YUC10- F1 + YUC10-R1 
TAA1 TAA1- F1 + TAA1-R1 
TAR1 TAR1- F1 + TAR1-R1 
NIT1 NIT1-F1 + NIT1-R1 
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NIT2 NIT2-F1 + NIT2-R1 
PAI3 PAI3-F1 + PAI3-R1 
SUR2 SUR2-F1 + SUR2-R1 
IAR3 IAR3-F2 + IAR-R2 
IBR3 IBR3-F1 + IBR3-R1 
IBR1 IBR1-F1 + IBR1-R1 
IBR10 IBR10-F1 + IBR10-R1 
ECH2 ECH2-F1 + ECH2-R1 
MES17 MES17-F1 + MES17-R1 
PLT3 PLT3-F1 + PLT3-R1 
PLT5 PLT5-F1 + PLT5-R1 
PLT7 PLT7-F1 + PLT7-R1 
STY1 STY1-F1 + STY1-R1 
TFL2 TFL2-F1 + TFL2-R1 
UBQ10 UBQ10-F1 + UBQ10-R1 
EINF4a EIN4a-F + EIN4a-R 
IAA19 IAA19-F1 + IAA19-R1 
IAA30 IAA30-F1 + IAA30-R1 
IAMT IAMT-F1 + IAMT-R1 
ASA1 ASA1-F1 + ASA1-R1 
AT1G19340.1 AT1G19340.1-F1 + AT1G19340.1-R1 
AT1G23160.1 AT1G23160.1-F1 + AT1G23160.1-R1 
AT1G59500.1 AT1G59500.1-F1 + AT1G59500.1-R1 
AT1G05680.1 AT1G05680.1-F1 +  AT1G05680.1-R1 
AT3G02000.1 AT3G02000.1-F1 +  AT3G02000.1-R1 
AT5G06070.1 AT5G06070.1-F1 +  AT5G06070.1-R1 
AT1G19270.1 AT1G19270.1-F1 +  AT1G19270.1-R1 
AT5G03680.1 AT5G03680.1-F1 +  AT5G03680.1-R1 
AT3G15540 AT3G15540-F1 +  AT3G15540-R1 
AT4G27260 AT4G27260-F1 +  AT4G27260-R1 
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CM3 CM3-F1 +  CM3-R1 
CM1 CM1-F1 +  CM1-R1 
 
 
2.4. IAA quantification 
 
Meristem plus hypocotyl tissue or cotyledons were removed from the plant and 
weighed for a mass between 2 and 5 milligrams and frozen in liquid nitrogen. The tissue 
was then stored at -80ºC until IAA extraction could be performed.  20 l of 
homogenization buffer (35% 0.2M imidazole, 65% isopropanol pH7) containing 0.2 ng 
[13C6]IAA was added to the tissue along with 1 tungsten-carbide bead. The mixture was 
then homogenized for 4 minutes at 25 Hz. The solution was then incubated on ice for 1 
hour. The solution was then diluted by adding 180 µL ddH2O. The solution was then 
centrifuged at 12,000g for 10 minutes. The plant extract was purified by weak anion 
exchange and affinity solid phase extraction using NH2 and PMME. NH2 columns were 
made by adding 20 µL NH2 resin suspension (NH2 resin: ddH2O = 1:4) to the column. 
The columns were then washed with 50 µL of Hexane, Acetonitrile, Ethyl Acetate, 0.2M 
imidazole (pH 7), and twice with 100 µL ddH2O. The sample was then loaded onto the 
tips and washed with 50 µL of Hexane and Methanol. IAA was then eluted by adding 50 
µL of 0.25% Phosphoric Acid (PA) three times to the column giving a final volume of 
150 µL. The affinity column was made by adding 80 µL of PMME resin suspension 
(PMME resin: 0.1 M NaHCO3 = 1:4). The column was then washed twice with 100 µL 
Methanol followed by two washes with 100 µL PA: Succinic Acid (SA) (5:1, pH 3). The 
sample was then loaded into the columns and washed twice with 50 µL of 5PA: 1 SA. 
Finally 10 µL of Methanol was used to wash the column and the column was spun at high 
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speed to dry. The IAA was then eluted off the column using 100 µL of Methanol two 
times giving a final volume of 200 µL. The eluent was then transferred to glass vials for 
methylation. For methylation of the sample, the glass vials were filled with Ethereal 
Diazomethane and allowed to sit for 5 minutes. The sample was then dried under a 
stream of N2 air and resuspended in Ethyl acetate. The vial was capped and the sample 
was analyzed via gas chromatography-selected reaction monitoring-mass spectrometry 
(GC-MS). Quantification was achieved by comparing the signal from endogenous IAA to 
that of an internal standard. 
 
2.5 IBR3 Protein purification and Enzyme assay 
 
 For non-native conditions, IBR3 was extracted from plants by grinding two small 
leaves or 15 seedlings on liquid nitrogen. The ground tissue was then vortexed with 50 
µL of Laemmli Sample buffer containing 2.5 µL of β-Mercaptoethanol and heated at 
65ºC for 10 minutes. Protein was loaded onto a 4-15% Mini-PROTEAN TGX precast gel 
(BIO-RAD 456-1085) and ran with a Trs/Glycine buffer. Protein was then transferred 
onto a membrane using a transfer buffer consisting of 25 mM Tris Base, 192 mM 
Glycine, and 20% methanol. The membrane was stained with Swift Membrane Stain (G 
Biosciences #786-677) to ensure protein was transferred. The membrane was then 
blocked for 1 hour in 5% Dry Milk dissolved in TBS-Tween. The primary antibody, anti-
his, was then used at a 1:1000 concentration. The membrane was washed three times in 
TBS-Tween for 5 minutes each. The secondary antibody, anti-mouse, was added at a 
1:10,000 concentration. The membrane was washed three times in TBS-Tween for 5 
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minutes each. SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific 
#34087) was added for detection. The membrane was exposed to film for five minutes. If 
present, IBR3 was represented by a band around 92 kDa, which could be determined by 
comparison to the marker on the membrane.  
 To purify IBR3 using native conditions, 15 seedlings expressing IBR3 containing 
a Histidine (His) tag were placed in a tube and ground on liquid nitrogen. 200 µL of 
extraction buffer (20 mM Tris pH 8, 300 mM NaCl, 10 mM BME) was added and the 
tubes were vortexed until the solution was bright green. 50 µL of cobalt beads for each 
sample were prepared by adding 100 µL equilibration buffer (200 mM Tris pH 8, 200 
mM NaCl) and spinning down for two minutes at 13000 rpm. The supernatant was then 
removed from the top and discarded. The supernatant from the plant tissue tube was then 
added to the cobalt beads and the tubes were rotated overnight at 4ºC. The cobalt beads 
were then spun down at 13000 rpm for two minutes and the supernatant was pulled off. 
The beads were washed twice with 100 µL of wash buffer (200mM Tris pH 8, 200mM 
NaCl) and spun down for two minutes at 13000 rpm at 4ºC. The protein was eluted with 
elution buffer (250 mM Imidazole, 300 nM NaCl, 20 mM Tris pH 8). 
 Dehydrogenase assay was performed by adding IBR3 to the assay buffer (550mM 
BisTris pH 6.4, 300 mM NaCl, and 200 mM ferrocenium hexafluorophosphate) and a 
substrate. Because IBA-CoA was unavailable, 125 µL of fatty acid CoAs, including 
C18:1, C16:0, and C12:0, were tried. If IBR3 was able to act as a dehydrogenase on the 
fatty acid substrates, CoA would have been released and reacted with ferrocenium 
hexalflourophosphate, decreasing absorbance at 330 nm. Measurements were taken at 20 
second intervals over 10 minutes.  
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2.6 ECH2 Protein purification 
 
For non-native conditions, ECH2 was extracted from plants by grinding four 
small leaves or 30 seedlings on liquid nitrogen. The ground tissue was then vortexed with 
50 µL of Laemmli Sample buffer. 2.5 µL of β-Mercaptoethanol and heated at 65ºC for 10 
minutes. Protein was loaded onto a 4-15% Mini-PROTEAN TGX precast gel (BIO-RAD 
456-1085) and ran with a Trs/Glycine buffer. Protein was then transferred onto a 
membrane using a transfer buffer consisting of 25 mM Tris Base, 192 mM Glycine, and 
20% methanol. The membrane was stained with Swift Membrane Stain (G Biosciences 
#786-677) to ensure protein was transferred. The membrane was then blocked for 1 hour 
in 5% Dry Milk dissolved in TBS-Tween. The primary antibody, anti-HA, was then used 
at a 1:1000 concentration. The membrane was washed three times in TBS-Tween for 5 
minutes each. The secondary antibody, anti-mouse, was added at a 1:10,000 
concentration. The membrane was washed three times in TBS-Tween for 5 minutes each. 
SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific #34087) was 
added for detection. The membrane was exposed to film for five minutes. If present, 
ECH2 was visualized by a band around 34kDa, which could be determined by 
comparison to the marker on the membrane. 
 To purify ECH2 using native conditions, 30 seedlings expressing ECH2 
containing a HA tag were placed in a tube and ground on liquid nitrogen. 1mL of RIPA 
buffer (50 mM Tris pH 8, 1% NP40, 0.25% deoxycholate, 150 mM NaCl) and 15 µL 
PMSF was added. To extract the protein from the ground tissue, the tubes were vortexed 
until the solution was green which ensured protein had been extracted from the tissue. 25 
µL of anti-HA agarose beads for each sample were prepared by washing the beads three 
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times with 1X PBS.   The supernatant from the plant tissue tube was then added to the 
beads and the tubes were rotated overnight at 4ºC. The beads were then spun down at 
13000rpm for two minutes and the supernatant was pulled off. The beads were washed 
four times with 500 µL of RIPA buffer and spun down for two minutes at 13000 rpm at 
4ºC. The protein was eluted by mixing the beads with HA peptide to compete the protein 
of the beads. 
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Chapter 3: Material and Methods used for Zea mays experiments. 
 
3.1 Plant Materials 
 
Inbred lines W22, B73, IHO and MO17 of Zea mays (provided by the USDA 
stock center) were used in this study. Hybrids were used when indicated. 
 
3.1.a. Mutant Isolation and genotyping 
 
ibr3 and ech2 alleles were obtained from Dr. Robert Meeley at Pioneer from the 
TUSC collection (McCarty and Meeley, 2009) and were in a hybrid background. These 
lines initially contained several hundred copies of the active Mutator transposon. 
UMuZmibr3, UMuibr10, and UMuibr1 mutants were obtained from the UniformMu 
collection (McCarty et al., 2005) and were in the W22 background. Due to the high copy 
number of the Mutator transposon, plants were crossed back to wild-type to get rid of 
unwanted Mutator copies. All lines from the TUSC collection were crossed to MuKiller 
in the B73 background (Slotkin et al., 2003). MuKiller plants were PCR confirmed to 
contain MuKiller using the MuDR PCR program (Table 3-3) with primers indicated in 
Table 3-2.  
Presence of the Mutator transposon was determined using a gene specific and 
Mutator specific primers (Tables 3-1, 3-2). ibr3 and ech2 alleles from the TUSC 
collection were confirmed using the Zmibr3 PCR program (Table 3-3). Program Zmibr10 
(Table 3-3) was used for all lines in the UniformMu background and either Phusion Taq 
Spiess, Gretchen, 2014, UMSL, p. 54 
 
polymerase with the GC buffer or NEB Taq polymerase with Standard Taq buffer was 
used for PCR.  
A Zmpex5 mutant was generated using an Ac screen. Plants containing an active 
Ac transposon were crossed to test plants in Dr. Tom Brutnell’s lab by Kevin Ahern and 
Sarit Weissmann in order to jump the transposable element into the ZmPEX5 gene. The 
presence of the element in the gene was screened by PCR by Dr. Bethany Zolman and 
myself using 21 different primers in combination with a primer in the transposable 
element (Table 3-1). The CAPS PCR (Table 3-1) program was used for these PCRs. This 
enabled the entire gene to be tested for the presence of the transposable element. 
The vt2 mutant used for qPCR analysis of IBA metabolism genes was obtained 
from Dr. Paula McSteen’s lab at the University of Missouri – Columbia. Because all vt2 
plants are maintained as heterozygous plants, the genotype of each plant was checked 
before extracting RNA. The PCR reaction necessary for amplification of the desired 
product was: 4 µL DNA, 2 µL 10XPC2 buffer, 1 µL of each primer, 2 µL 2.5mM dNTPs, 
1 µL Taq, 4 µL 30% glycerol, 0.6 µL DMSO, and H2O up to 20 µL using the primer sets 
indicated in Table 3-2.  
 
 
Table 3-1: All primer sequences for qPCR and genotyping. 
 
Primer Description Sequence 
DO153647 
 
ECH2 
Forward 
TCTTTGGGCCTAATTTTGGTTCGCTTGCA 
 
DO153648 ECH2 
Reverse 
AACAGCAGAACGGCCAAAACTGGAGTCT 
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Ex1 MuKiller 
Forward 
ACATCCACGCTGTCTCAGCC 
RLTIR2 MuKiller 
Reverse 
ATGTCGACCCCTAGAGCA 
12-4R3 MuKiller 
Forward 
CGGTATGGCGGCAGTGACA 
TIRAR MuKiler 
Reverse 
AGGAGAGACGGTGACAAGAGGAGTA 
ZmGAPDH-
L4 
Forward AGATCAAGATCGGAATCAACG 
ZmGAPDH-
R4 
Reverse  GAAGCGTCTTGGAGTCCTTGA 
ZmUBQ10-
F1  
Forward TTTCTAGGAGGCCACAGGACAC 
 
ZmUBQ10-
R1  
Reverse TCTTTACAACCTGGGCAGTACCAC 
 
ZmIBR1 RT 
F1 
Forward GCTCTCTTTGGTCTCACAAAGGC 
ZmIBR1 RT 
R1 
Reverse TGAAGAAACTAGCAAACCGTGTCG 
ZmIBR3 RT 
F1 
Forward AGAGGATTGCACAGCATGGTTCC 
ZmIBR3 RT 
R1 
Reverse GCTCCAGTTCAATCCGACACTTTG 
ZmIBR10 R
T F1 
Forward CGGAAGCACTTCGCTTCTAAGCTC 
ZmIBR10 R
T R1 
Reverse CCATGCTTCCACAGAAACCCTCTC 
ZmECH2 F1 Forward GGATGGGCAGCCACACATTAAGAC 
ZmECH2 R
1 
Reverse GCCCATTGCTGTTCTTGTTGGG 
ZmIBR3 CP 
F2 
Forward CTACCCAAGACGTCCTCGTTTCCTCCTCCCCGAACTGA
CCC 
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ZmIBR3 CP 
R2 
Reverse CAGACCATGAGCTACTTCTCGGAC 
vt2deletion-
F   
Forward GTAGAGCGCGGCCATGAAGAG 
vt2deletion-
R 
Reverse 
GACGTCATGACGAAGCTGACCTCGGAGCTACTGCGG 
ZmIBR3CP 
F1 + Zra1 
Forward GCGGCCGCTTAATGAAGATGAGTAAATGATATGATTT
A 
ZmIBR3CP 
R1 + Not1 
Reverse 
AGAGAAGCCAACGCCATCGCCTCCATTTCGTC 
DO9242 Mutator CCCTGAGCTCTTCGTCCATAATGGCAATTATCTC 
DO938 Mutator GTCGGAACTCGGAATCGGAAGTGGCGTG 
ECH2BM 
F1 
Forward 
GGAGCTGGTCGCCATGGCCGCCGTGCCCG 
ECH2BM 
R1 
Reverse 
GGAGTGCCGTCGCTCGGTCGCTGAGGAGAG 
ECH2BM 
F2 
Forward 
GCTACCAGTTGGCACCAAAACGGGAGGGG 
ECH2BM 
R2 
Reverse 
ATCCTCTGGTAACGTGCAGGCTTCC 
DO153658 Forward GTTTTCGGCGTGATGGCTGATGAGTTGT 
DO153655 Reverse GTGTTTCCTTTCTTCTAATAACACATATGG 
IBR3BM F1 Forward CCAGTACAAAAGAGTACATAAGAACATGGGGG 
IBR3BM R1 Reverse GAATAAGTCAGAGGAGTGAATCAACACG 
IBR3BM F2 Forward CAGGGCACCGTGCCTATACACAATGTGTG 
IBR3BM R2 Reverse GGCGGTGCCGCGGACGCGGTGGGCTGTCCG 
ZmPEX5 F1 Forward CTGGCCCGTGACGAGGTGCCGCAGCGCCATC 
ZmPEX5 R1 Reverse GGCGTTTCCACAACACAACGACCCGTACCG 
ZmPEX5 
F2b 
Forward 
CCAGGCTGAAACGAACAGACTTTAGTGGC 
ZmPEX5 
R2b 
Reverse 
CCGTTTAGGCCGCGTTCGTTTGCTTTGGTTCG 
ZmPEX5 
F3b 
Forward 
GCGAGGTTAAGGTTCGACGACTCCTCGAGGG 
ZmPEX5 
R3b 
Reverse 
GACTCGAGTGGGACATAGCCTAAACTTC 
ZmPEX5 F4 Forward CCCACATCAATCAATTGTTCTATTTTCCATC 
ZmPEX5 R4 Reverse GCTTATGCATGCAGAGTAGTAGCTAGATC 
ZmPEX5 F5 Forward GGTGGTGTCGGCCTGGACGAAGATGGTGGGG 
ZmPEX5 R5 Reverse CCAGACCCATCCCGCGCACCATCGACGC 
ZmPEX5 F6 Forward CGAGAGGGAACTACCTCGTGTTTGATATATG 
ZmPEX5 R6 Reverse CCCAGTATAGGTCGTTGAAGCAACGACG 
ZmPEX5 F7 Forward CTACACCAAGTTGAGGAACCCTCGGAGGCCG 
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ZmPEX5 R7 Reverse CCTTTGTGTTCCTTCCAGGTGCTCCTAAGTC 
ZmPEX5 F8 Forward CCGGACAACACTCTTTGTGGTGGACCTG 
ZmPEX5 R8 Reverse GTGTTGTCCGGTGTCTTGCATTCCTTTCTC 
ZmPEX5 F9 Forward GCCCTACGGTCCTAAATATTTCCAAGATGCC 
ZmPEX5 R9 Reverse CGCGTCCTGCCCCAATGCATAATGCTGC 
ZmPEX5 
F10b 
Forward 
GAGTAAGCTGCTAGAGATGGTCTTAGGGG 
ZmPEX5 
R10 
Reverse 
CCCTGGTTAGGGTTTCATTATTCTTCTAAC 
ZmPEX5 
F11 
Forward 
CAGATATCGTTGCTGGTCCTGAGAGAGATGG 
ZmPEX5 
R11 
Reverse 
GGGCGAAACTCCATCAAATACCACTCTG 
ZmPEX5 
F12 
Forward 
GGAGGAAGGATCGCTGATATAGCCCCACGAC 
ZmPEX5 
R12 
Reverse 
GCTCCCCTAATATCAGCAACCCATCTTC 
ZmPEX5 
F13 
Forward 
GTGCACAAAGCGACGTCCAATAGAATTTGCG 
ZmPEX5 
R13 
Reverse 
GGACGTCGCTTTGTGCACTGTGCAGGGC 
ZmPEX5 
F13 
Forward 
GAGAATGACATCCAACCACCAGGATCTGGGG 
ZmPEX5 
R13 
Reverse 
GGACAGCTGAGGCTTCTGATTAGATATCCC 
ZmPEX5 
F15 
Forward 
GCATTGGATTAGGGTGACCAACATACGGG 
ZmPEX5 
R15 
Reverse 
CAAACAAAGTCCGGGCGCCTCTCGAGGGG 
ZmPEX5 
F16 
Forward 
CTGAGCTACATGCATATCATGCGTGTATC 
ZmPEX5 
R16 
Reverse 
CAATAGATACACGCATGATATGCATGTAGC 
ZmPEX5 
F17 
Forward 
GCATGCAGTCGTATACTTACATCAGGACC 
ZmPEX5 
R17 
Reverse 
GGGGGAAGCATTAAGGATATCTTTATAGGTGGC 
ZmPEX5 
F18 
Forward 
GCCCAACAAGACCAGTGATGCACTATTTAAG 
ZmPEX5 
R18 
Reverse 
GCAGTAAAAGATGGTATGATTGGTGTCTTGAC 
ZmPEX5 
F19 
Forward 
GGGTTCATTGCAACTGCCCTTACATAGTATCG 
ZmPEX5 
R19 
Reverse 
GCCTATGCAGGGTTTGTATGAGGATTCC 
ZmPEX5 
F20 
Forward 
CTTAGACACAACTGATTTGGGCGTGCGC 
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ZmPEX5 
R20 
Reverse 
GGCTCTGGACTTGAAACCCAACTACGTGCG 
ZmPEX5 
F21 
Forward 
CGCTTCCTAGTTGCTACACATTCCCCCACTTCC 
ZmPEX5 
R21 
Reverse 
CGCTTCCTAGTTGCTACACATTCCCCCACTTCC 
AC AC GCCTCCATTTCGTCGAATCCC 
EOmu1  GCCTCTATTTCGTCGAATCCG 
EOmu2  1:1 ratio of EOmu1 and EOmu2 
EOmumix3  TTGCCGACGGCTAGTAGGAT 
TK29GRM0
012975 
Forward AAACCTTCGGGACAGGAACA 
TK889GRM
0012973 
Reverse GTTTGACAGTCCGCAACAGG 
TK52GRM1
014575  
Forward CGGTAAGGGTGAGGACGAAG 
TK754GRM
1014573 
Reverse CGGCCCCCCAGTGTCGGTCTT 
TK173GRM
0416945 
Forward GAGGGCAGGCAGGTAATGTC 
TK1000GR
M0416943 
Reverse GAGGGCAGGCAGGTAATGTC 
  
 
Table 3-2: Primer combinations used in this study for genotyping. 
Mutant Isolation Genomic Primers Insertion Primers 
MuKiller EX1 + RLTIR2 TIRAR + 12-4R3 
Zmibr3 DO153655 + DO153658 DO153658 + DO938 
Zmech2 ECH2BMF1 + DO9242 DO153647 + DO153648 
Zmvt2 vt2deletion-F + vt2deletion-R  
UMuZmibr1 TK173GRMO416945 + 
TK1000GRM0416943 
TK1000GRM0416943 + 
EOmumix3 
UMuZmibr10 TK52GRM1014575 + 
TK754GRM1014573 
TK52GRM1014575 + 
EOmumix3 
UMuZmibr3 
TK29GRM0012975 + 
TK889GRM0012973 
TK29GRM0012975 + 
EOmumix3 
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Table 3-3: PCR programs used. 
Program Number 
of cycles 
Denaturation 
time           temp (ºC) 
Annealing 
time       temp (ºC) 
Elongation 
time     temp (ºC) 
vt2 35 30sec 96 30sec 65 30sec 72 
Zmibr10 34 10sec 98 15sec 62 30sec 72 
Zmibr3 39 30sec 94 30sec 55 5min 72 
MuDR 35 30sec 94 45sec 57 1min 72 
CAPS 39 30sec 95 30sec 55 30sec 72 
Gretchen1 
(qPCR 
machine)* 
39 10sec 95 10sec 55 30sec 72 
*Melt curve was added at end of cycle. 
 
3.3 Phenotypic Assays in bags 
 
Seeds were surface sterilized by soaking them in 50% hydrogen peroxide for 3 
minutes followed by three rinses in sterile water. Seeds were then placed in autoclaved 
plastic bags containing germination paper using sterile forceps. Bags containing 
germination paper were wet with sterile water and placed vertically in the bag rack. For 
faster germination, seeds were allowed to soak in the sterile water overnight. For assays 
with added hormones, solutions containing sterile water and the indicated concentrations 
of IAA or IBA were made and 5 mL of the solution was applied to the bag daily starting 
on day three. Bags were placed at room temperature on a top shelf in the lab with full 
exposure to the overhead light. Root length was imaged or measured after indicated days. 
3.4. DNA extraction 
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DNA was extracted from tissue using a UREA DNA extraction protocol adapted 
from Dr. Paula McSteen’s lab. Tissue was placed in a 1.5mL tube and ground on dry ice. 
500 µL UREA extraction buffer (336 grams of Urea, 50 mL of 5 M NaCl, 40 mL of 1 M 
Tris-Cl pH 8, 32 mL 0.5M EDTA, H2O up to 1 L)  was then added to each tube and 
vortexed. The tube was centrifuged at 13000rpm for 10min at room temperature. 300 µL 
of the supernatant was then moved to a new 1.5mL tube with 30 µL 4.4M NH4Ac and 
300 µL isopropanol. The tube was inverted to mix. DNA was pelleted by spinning down 
the tube at 13000rpm for 20 min at room temperature. The supernatant was removed and 
300 µL of 70% ethanol was added to wash the pellet. The tube was inverted a few times 
by hand and centrifuged again at 13000rpm for 10 minutes at room temperature. The 
supernatant was removed and the pellet was air dried. After the pellet was dried, it was 
resuspended in 50 µL of 10mM Tris pH 8. 
3.5. Field Season 
 
3.5.a. Planting 
 
  Two sets of seeds were planted in the field with each planting. The first planting 
consisted of all slow inbred lines including B73, MO17 and W22. The second planting, 
which was one to two weeks after the first, consisted of all hybrid and fast inbred lines, 
including IHO and MUM lines. This approach was to ensure the plants would nick at the 
same time allowing for crossing to the slower inbred lines. Seeds were treated 1 day 
before planting with 5 drops per 30 seeds of a 3:1 mixture of spotrete (a fungicide) and 
wiltprup (an anti-desiccating agent).  The seeds were then moved back to the envelope 
and left to dry in the hood overnight. Planting was done using single plant planters at the 
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University of Missouri – Columbia in 20 foot rows. For the winter nursery in Hawaii, 20 
seeds per 15 foot row were used. 
 
3.5.b Tissue collection 
 
 Tissue was collect from each plant three to four weeks after planting. Each plant 
was labeled with a stake. Stakes were prenumbered 1-30 before going to the field to aid 
in timely collection of the tissue. Eppendorf tubes were also prelabeled with the row 
number and plant stake number. Tissue was collected by opening the Eppendorf tube and 
shutting it over the top of a leaf. This placed tissue the size of the tubes lid inside the 
tube. Because the tissue was to be used for DNA extraction, it did not matter which leaf 
was used. However, the brown tissue of leaves that were senescing was not used because 
it was difficult to extract the DNA from these tissues. Tissue was then transported back to 
UMSL at room temperature. Tissue was stored at 4ºC overnight or at -80ºC up to two 
months. 
 To collect tissue from Hawaii fields, 2 inches of a leaf were removed and placed 
in a seed envelope (https://www.etsy.com/listing/187678336/50-seed-
envelopes?ref=related-1). The tissue was then stored at 4ºC until it could be shipped by 
FedEx back to UMSL. The tissue was then placed at -80ºC until DNA could be extracted 
by the same Urea extraction protocol mentioned above. 
3.6. Adult phenotypic analysis 
 
Plants were grown in the field or greenhouse for all adult phenotypic assays. Plant 
height, leaf width, and stalk width were measured at indicated stages of development. For 
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segregating lines, wild-type and heterozygous plants from the same row were measured 
for comparison. Plant height was defined as the distance from the ground to the top of the 
tassel if a tassel was present or the top of the stalk if a tassel was absent. Leaf width was 
measured at the broadest point of the leaf on multiple leaves of varying stages of 
development. Stalk diameter was measured at the largest part of the stalk. 
3.7 Expression assays 
 
3.7.a. mRNA isolation and cDNA synthesis 
 
RNA was extracted from PCR confirmed vt2 mutants. RNA was extracted from 
wild-type sister plants for use as a control for qPCR. To extract RNA, 100mg of indicated 
plant tissue was placed in a 1.5 ml tube and frozen in liquid nitrogen. RNA was extracted 
from the tissue using Mini Total RNA Kit Plant (MidSci) with the PRB buffer. RNA was 
DNase (Fisher Scientific) treated to remove contaminating DNA. cDNA was made using 
SuperScript III Reverse Transcriptase (Invitrogen). 
 
3.7.b. qPCR 
 
cDNA was diluted 25 fold before being used for qPCR. Levels of desired 
transcripts were measured with the BioRad CFX96 Real Time PCR System using 
SsoAdvancedTM SYBR Green Supermix (Biorad) or Evagreen mastermix (MidSci) using 
the Gretchen1 program (Table 3-4). A no reverse transcriptase and no template control 
were used as negative controls for all reactions and all samples were normalized to 
expression of Ubiquitin 10 and GAPDH.  Primers for each gene were designed using 
QuantPrime (Tables 3-1, 3-3). All samples were tested as biological triplicates as well as 
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each biological replicate performed in technical triplicate. Expression was shown 
compared to wild type. 
Table 3-4: Primer combinations used in this study for qPCR. 
Target Primer set 
ZmIBR3 ZmIBR3 RT F1 + ZmIBR3 RT R1 
ZmIBR1 ZmIBR1 RT F1 + ZmIBR1 RT R1 
ZmIBR10 ZmIBR10 RT F1 + ZmIBR10 RT R1 
ZmECH2 ZmECH2 RT F1 + ZmECH2 RT R1 
ZmGAPDH ZmGAPDH-R4 + ZmGAPDH-L4 
ZmUBIQUITIN ZmUBQ10-F1 + ZmUBQ10-R1 
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Chapter 4: Auxin-input pathway disruptions are mitigated by 
changes in auxin biosynthetic gene expression in Arabidopsis 
thaliana. 
 
Previous studies examined the phenotypes of single and higher-order mutants in 
one auxin input pathway. These include the ibr1 ibr10 ibr3 ech2 mutant (Strader et al., 
2011), the ill2 iar3 ilr1 (Rampey et al., 2004) mutant, and the mes17 mutant (Yang et al., 
2008). To better understand how these pathways are working together to influence IAA 
levels and plant development, I examined higher-order mutants that disrupted these 
pathways in combination (Table I).  All mutants were made in the Columbia (Col) 
background. An ill2 iar3 ibr3 mutant was isolated by crossing an ill2 iar3 and ibr3 
mutant. An ill2 iar3 ilr1 ibr1 was isolated by crossing the ill2 iar3 and ill2 ilr1 mutants to 
ibr1 and then crossing them together. A mes17ibr3 mutant was isolated by crossing 
mes17 and ibr3. A mes17ill2iar3 mutant was isolated by crossing mes17 and ill2iar3. 
The ill2 iar3 ilr1 ibr1 and ill2 iar3 ibr3 mutants were created to determine how IAA-
conjugates and IBA are working together. The mes17 ibr3 and mes17 ill2 iar3 were made 
to determine the importance of MES17-mediated metabolism in combination with IBA 
metabolism or IAA-conjugate hydrolysis. Together these mutants ablate three major 
IAA-input pathways but leave de novo biosynthesis functional (Figure 4-1A). Mutants 
combining disruptions in de novo biosynthesis pathways and IAA storage forms are 
discussed in chapter 6. 
An article completed describing this work titled “Auxin-input pathway 
disruptions are mitigated by changes in auxin biosynthetic gene expression in  
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Table 4-1:  Combination mutants used in this study were made by crossing previously 
characterized single and double mutants.  
Mutants  Mutation(s) Description 
ibr1a 
 
Arg  Cys Short-chain dehydrogenase; disruption leads to IBA-
response phenotypes in root elongation, root 
initiation 
ibr3b 
 
E  K, splice site 
mutation 
Acyl-CoA dehydrogenase; disruption leads to IBA-
response phenotypes in root elongation, root 
initiation 
mes17c 
 
T-DNA insertion Methyl esterase; disruption leads to increased 
hypocotyl length and resistance to MeIAA. 
ill2iar3d 
 
T-DNA in ILL2  
T-DNA in IAR3 
IAA-conjugate hydrolases; disruption leads to 
resistance to IAA-Leu. 
ill2ilr1e 
 
T-DNA in ILL2  
Deletion in ILR1 
IAA-conjugate hydrolases; disruption leads to 
resistance to IAA-Ala and IAA-Phe. 
ibr3ill2iar3  Triple mutant combining disruptions in IBA response 
and IAA-conjugate hydrolysis 
ibr1ill2iar3ilr1  Quadruple mutant combining disruptions in IBA 
response and IAA-conjugate hydrolysis 
mes17ill2iar3  Triple mutant combining disruptions in Methyl-IAA 
hydrolysis and IAA-conjugate hydrolysis 
mes17ibr3  Double mutant combining disruptions in Methyl-IAA 
hydrolysis and IBA response 
a, (Zolman et al., 2008); b, (Zolman et al., 2007); c, (Yang et al., 2008); d, (Rampey et 
al., 2004); e, (Rampey et al., 2004) 
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Arabidopsis thaliana” by Gretchen M. Spiess, Amanda Hausman, Peng Yu, Jerry D. 
Cohen, Rebekah A. Rampey, and Bethany K. Zolman has been published in Plant 
Physiology (Spiess et al., 2014).  Rebekah Rampey made the mutant crosses. Amanda 
Hausman helped with mutant genotyping by PCR and growth on IAA-conjugates and 
IBA (Figure 4-2). IAA measurements were performed in Dr. Jerry Cohen’s lab with the 
help of Peng Yu.  
 
4.1. Combination mutants disrupt germination and seedling 
development.  
 
Germination defects were observed in plants combining IBA metabolism and 
IAA-conjugate hydrolase mutations (Figure 4-3).  Germination defects are not observed 
in any of the parental lines, indicating that the combination of mutations in the input 
pathway is responsible for the phenotype.  Conversely, the mes17 ill2 iar3 and mes17 
ibr3 mutants showed only weak germination defects (Figure 4-4), suggesting IBA and 
IAA-conjugates play a larger role in germination than MES17 activity.  Notably, the 
mutant lines germinate to approximately wild-type levels overall, but show a delay in 
germination of two-to-three days. 
 This result suggests that either decreases in free IAA or accumulation of IBA or 
IAA-conjugates to toxic levels are delaying germination in mutant seeds. The 
germination delays observed in the IBA metabolism/IAA-conjugate hydrolase mutants 
were rescued with low amounts of exogenous IAA (Figures 4-3A, 4-3B) in a 
concentration-dependent manner (Figure 4-3C). Control experiments using a low 
concentration of IBA (Figure 4-3) or auxin conjugates (Figure 4-4) did not rescue the 
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germination delays. To determine if build-up of IAA conjugates or IBA was contributing 
to germination defects, germination was tested on wild-type and mutant seeds using 
increasing concentrations of IAA-Ala, IAA-Leu, or IBA. Wild-type seed germination 
was only minimally disrupted by addition of these compounds and not in a concentration-
dependent manner (Figure 4-4B).  Mutant germination rates were specifically rescued by 
IAA but not significantly affected by addition of other compounds (Figure 4-3D and 
Figures 4-4C-E).  These results suggest the germination defects are primarily due to 
decreases in free IAA levels. Additional studies of this phenotype were conducted as part 
of a separate study and are described in chapter 5. 
 Auxin is required for apical hook initiation and maintenance in etiolated 
seedlings. Apical hook initiation and maintenance is lost in mutants with lower IAA 
levels, including the auxin biosynthesis mutant taa1tar2 (Stepanova et al., 2008; 
Vandenbussche et al., 2010; Strader et al., 2011). Apical hooks were examined in all 
mutants. The mutants defective both in IBA metabolism and IAA-conjugate hydrolases, 
ill2 iar3 ibr3 and ill2 iar3 ilr1 ibr1, had decreased apical hook curvature (Figure 4-5A). 
These mutants had open apical hooks compared to the parental lines, indicating that both 
IAA-conjugates and IBA play a role in apical hook development. Conversely, the mes17 
ill2 iar3 and mes17 ibr3 mutants showed normal apical hook curvature, suggesting that 
IAA derived via MES17 is less important for this aspect of seedling development. 
 Because of the positive feedback loop between auxin and ethylene (He et 
al., 2011), I tested ethylene responses for all mutants. taa was used as a control with 
elongated roots in the presence of ACC compared to wild type (Stepanova et al., 2008). 
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Figure 4-1: IAA homeostasis pathways. A) Free IAA levels are maintained in plant cells 
by several mechanisms, including de novo biosynthesis and oxidative degradation. IAA-
conjugate hydrolases (a) hydrolyze IAA conjugates to free IAA. IBA-response genes (b) 
are necessary to metabolize IBA to free IAA. Methyl ester IAA is converted to free IAA 
by MES17 (c). B) Genes involved in IAA-input pathways are differentially expressed 
throughout development, as revealed by the Arabidopsis eFP browser (Winter et. al., 
2007).  Expression levels at three stages are shown here as an example. 
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Percent root length was not changed in any of the mutant lines compared to wild type 
(Figure 4-5B), consistent with the idea that ethylene directly affects the de novo auxin 
biosynthesis pathway (He et al., 2011).  
4.2. Combination mutants alter root morphology.  
IAA influences both primary and lateral root growth. Under high levels of auxin, 
either by endogenous production or application, roots show decreased primary root length 
but increased lateral rooting. These phenotypes are observed in the yuc1D mutant, which 
overexpresses YUC1 causing the plant to have elevated free IAA levels (Zhao et al., 
2001). Conversely, mutants with low free IAA levels, such as the ill2 iar3 ilr1 conjugate 
hydrolase triple mutant, have an increased primary root and decreased number of lateral 
roots  (Rampey et al., 2004). 
 To determine if the combination mutants had root defects, primary root length and 
lateral root formation were evaluated. The ill2 iar3 ilr1 ibr1, ill2 iar3 ibr3, mes17 ill2 
iar3, and mes17 ibr3 mutants all showed an increase in primary root length (Figure 4-
6A).  Additionally, the mutants had decreased lateral root density (Figure 4-6B). Changes 
in lateral root number were rescued by the synthetic auxin NAA (Figure 4-7).  These 
results further suggest the mutant plants have decreased auxin levels. Because both the 
ill2 iar3 ibr3 and ill2 iar3 ilr1 ibr1 mutants showed phenotypes similar to the ibr3 single 
mutant, IBA metabolism appears to play the largest role in lateral root initiation. 
 To further evaluate the role of these input pathways on root development, root 
hair length was measured on 5-day-old seedlings. Both the ill2 ilr1 iar3 ibr1 and the ill2 
iar3 ibr3 have shorter root hairs (Figure 4-6C).  Although the mes17 ill2 iar3 and mes17 
ibr3 mutants show small changes in root hair length, the phenotype is less severe than the  
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Figure 4-2: Mutants are resistant to IAA-conjugates and IBA. A) Combination mutants 
and wild type were grown on 30 µM IBA as well as plates with no hormone added. Root 
length was measured after 10 days.  B, C) Combination mutants containing mutations in 
IAA-conjugate hydrolases and wild type were grown on 80 µM IAA-Leucine and 80 µM 
IAA-Alanine and root length was measured after 10 days. For A-C, n>15; error bars 
represent standard error. Asterisks indicate statistically significant results between the 
mutant and wild-type on media supplemented with a hormone by Student’s t test (p < 
0.05). D) MES17 expression was measured using quantitative PCR to confirm the 
mes17ibr3 mutant. Asterisks indicate statistically significant results by Student’s t test (p 
< 0.05). 
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Figure 4-3: Combination mutants with defects in IBA metabolism and IAA-conjugate 
hydrolysis have germination delays.  A-B) Wild-type and ibr3 ill2 iar3 (A) or ibr1 ill2 
iar3 ilr1 (B) germination was measured on media with no hormone, 3 µM IBA, or 20 nM 
IAA.  Data points are the averages from three germination experiments.  Values on days 
2, 3, and 4 for the mutants on no hormone or IBA are significantly different than 
corresponding lines grown on 20 nM IAA or wild type (P<0.05). C) IAA rescues the ibr3 
ill2 iar3 germination defect in a concentration-dependent manner. D) The percent of 
plants germinated by day 3 for wild type and the ibr3 ill2 iar3 mutant on no hormone or 
increasing concentrations of IAA, IBA, IAA-Ala, and IAA-Leu.  n=3; error bars 
represent the standard error and letters indicate significant differences using one-way 
ANOVA (P < 0.05). 
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Figure 4-4: Germination changes resulting from alterations in auxin homeostasis are 
specific to disruptions in IBA response and IAA conjugate hydrolase pathways.  A) 
IAA rescues the germination defect seen in the ibr1 ill2 iar3 ilr1 mutant. B) Wild-type 
germination on day 3 is similar under all the conditions tested.  C) ibr1 ill2 iar3 ilr1 day 
3 germination is rescued by IAA but not IBA, IAA-Ala, or IAA-Leu. D-E) Combinatorial 
mutants with defects in MES17 do not have defects in germination on Day 3. Letters 
indicate significant differences using one-way ANOVA (P < 0.05). n=3; error bars 
represent the standard error.  
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 ill2 ilr1 iar3 ibr1 and ill2 iar3 ibr3 mutants, suggesting that the IAA-amino acid 
conjugate and IBA sources of IAA play a role in root hair elongation. 
 
4.3. Combination mutant phenotypes continue into adult development.  
Mutants combining IAA-conjugate hydrolase and IBA metabolism defects had 
small breaks in leaf vein patterning (Figure 4-5C). This phenotype was seen in slightly 
more than half of the cotyledons examined, significantly more than in wild-type plants or 
parental lines. Similar vein patterning defects are common in auxin mutants, particularly 
those disrupting de novo auxin biosynthesis and auxin transport (Cheng et al., 2007; 
Scarpella et al., 2010; Peret et al., 2012). Potential changes in IAA levels based on 
reduced IAA input pathways in the ill2 ilr1 iar3 ibr1 and ill2 iar2 ibr3 mutants may be 
causing decreases in IAA levels that result in discontinuous veination. This phenotype is 
rescued by growth of seedlings on 20 nM IAA (Figure 4-5C), further suggesting the 
vasculature pattern defects are due to low endogenous IAA concentrations. 
The two combination mutants in IBA metabolism and IAA-conjugate hydrolases 
have adult phenotypes, including decreased apical dominance and a slight delayed in 
flowering time (Figure 4-8A and 4-8B). These phenotypes also are indicative of low free 
IAA levels in the plant. Many of the leaves in the ill2 ilr1 iar3 ibr1 mutant are rolled 
(Figure 4-8C). Although all the mutants and wild type displayed a few curled leaves, the 
ill2 ilr1 iar3 ibr1 mutant had a significantly higher ratio of curled leaves compared with 
the total number of leaves. Rolled leaves are seen in other mutants with altered auxin 
levels including iamt1-D and axr3 (Qin et al., 2005; Pérez-Pérez et al., 2010), suggesting 
that this phenotype is a result of changes in auxin levels in the plant. However, whether  
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Figure 4-5: Combination mutants have phenotypes indicative of low auxin levels. A) 
Combination mutants have defects in apical hook maintenance compared to wild type. 
Apical hooks were measured on seedlings grown 1 day in the light and 4 days in the dark. 
ImageJ software was used to measure the apical hook angle. Inset shows one 
representative wild-type and ibr3 iar3 ill2 plant.  n>15; error bars represent standard error 
and letters indicate significant differences using one-way ANOVA (P < 0.05).   B) 
Combination mutants do not show ethylene sensitivity. Roots were measured from 5-day-
old seedlings grown on no hormone or 0.2 µM ACC.  Data are shown as percent root 
growth compared to no hormone controls.  A taa1 single mutant is included as an ACC-
resistant control.  n>10; error bars represent standard error and asterisk indicates 
statistically significant results by Student’s t test (p < 0.05).  C) Combination mutants 
have breaks in vasculature tissue that could be rescued by IAA application. 7-day-old 
cotyledons were cleared and imaged after growth on media with no hormone added or 
media supplemented with 20 nM IAA. Graph shows the percent of plants with cotyledon 
breaks.  Inset shows one representative wild-type and ibr3 iar3 ill2 leaf.  Arrow indicates 
break in vein pattern.   n>35; letters indicate significant differences using one-way 
ANOVA (P < 0.05). 
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Figure 4-6: Combination mutants have root phenotypes consistent with defects in 
auxin responses.  A) Combination mutants were grown on media without hormone and 
root length was measured. n>15; error bars represent standard error and letters indicate 
significant differences using one-way ANOVA (P < 0.05).  B) Mutants were grown 
without hormone and have fewer lateral roots. Root density is the number of lateral roots 
per millimeter of primary root length. n>15; error bars represent standard error and letters 
indicate significant differences using one-way ANOVA (P < 0.05). C) Roots were 
imaged from 7-day-old seedlings and root hair lengths were measured using ImageJ 
software. Results shown are representative of four experiments.  Insets show one 
representative wild-type and mutant plant. 
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this phenotype is directly due to altered IAA levels or buildup of IAA-conjugates or IBA 
in the leaf is unknown. Notably, many aspects of development remain generally 
unchanged in the mutants, including fertility, rosette diameter, and plant height (Figure 4-
8D-F). Fertility was examined by evaluating silique length (Figure 4-8F), which 
correlated with number of seeds and number of aborted embryos.  The mes17 ibr3 and 
mes17 ill2 iar3 mutants do not have any adult phenotypes compared to their parental 
lines.   
 
4.4. IAA levels are decreased in combination mutants. 
 The phenotypes associated with these mutants suggested the IAA conjugate 
hydrolase/IBA-response combination mutant plants had reduced IAA levels. I measured 
free IAA levels in seedlings, separating storage tissues (cotyledons) and growing tissue 
(meristems plus hypocotyls).  Free IAA levels were reduced in cotyledons in mutants 
combining IAA conjugate hydrolases and IBA metabolism disruptions (Figure 4-9). 
However, the mes17 ill2 iar3 and mes17 ibr3 do not show a decrease in free IAA levels.  
The IAA measurements from the growing tissue were not statistically different between 
wild type and mutants (Figure 4-10).  This finding may be because de novo biosynthesis 
is more important for IAA maintenance in the growing tissue whereas cotyledons act 
more as storage organs.  Because cotyledons act as storage organs, the storage forms of 
IAA may be more important for maintaining IAA levels in cotyledons. Based on the 
phenotypes observed in the mutants, the roots appear to have decrease IAA levels. 
However, accurate IAA levels could not be determined in the roots because it was too 
difficult to obtain an accurate weight measurement due to quick drying of the root tissue. 
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Figure 4-7: Combination mutants have decreased lateral root density. Mutants and 
wild type were grown on media containing no hormone for 4 days and transferred to 
media without hormone or containing the synthetic auxin NAA. The number of lateral 
roots and primary root length was measured after 14 days. Root density is the number of 
lateral roots per millimeter of primary root length. n>15; error bars represent standard 
error.  
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Figure 4-8: Combination mutants have altered adult development. Phenotypic 
responses were examined  for wild-type and combination mutants after being grown 
under continuous light at 22°C, including A) number of apical stems, B) number of days 
until bolting, C) the ratio of curled leaves to normal rosette leaves, D) rosette diameter, 
and E) plant height.  F) Fertility was examined by measuring the length of siliques 5, 6, 7 
and 8 at maturity.   Insets in A and C show one representative wild-type and mutant plant.  
For A-E, n>15; for F, n>30.  For all panels, letters indicate significant differences using 
one-way ANOVA (P < 0.05). 
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4.5. Auxin biosynthesis gene expression is activated in response to 
altered auxin homeostasis.  
 Other IAA-input pathways may be upregulated to compensate for the loss of IAA 
storage metabolism. Quantitative PCR was performed to analyze gene expression of 
different IAA biosynthetic pathways. In lines combining IBA metabolism and IAA 
conjugate hydrolase mutations, expression of YUCCA and TAA genes was higher, 
indicating an increase in this main biosynthetic pathway (Figure 4-11). TAA1, TAR2, 
YUC2, and YUC4 are significantly upregulated (Figure 4-11A). Interestingly, YUC3, 
YUC7, YUC8, and YUC10 were not upregulated in the mutants, suggesting specificity in 
how gene expression changes in response to low auxin levels. Other genes proposed to 
act in auxin biosynthesis, including NIT1 and NIT2, also were upregulated (Figure 4-
11A).   
The upregulation of genes involved in de novo biosynthesis implies a feedback loop is 
maintaining auxin levels under changing conditions.  To better understand how regulation 
of these auxin biosynthesis genes occurs, I tested expression of several known regulators 
of auxin biosynthesis genes.  Interestingly, PLT5, a member of the PLETHORA family of 
transcription factors, showed increased expression, although PLT3 and PLT7 family 
members did not (Figure 4-11B).  As recently demonstrated by Pinon, et al. (2013), PLT 
transcription factors regulate YUC gene expression, including YUC4.  I also examined 
expression of STY1, a known controller of YUC4 expression (Eklund et al., 2010), and 
TFL2, which regulates expression of several YUC genes (Rizzardi et al., 2011), but found 
that neither STY1 nor TFL2 expression were significantly affected (Figure 4-11B). 
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Figure 4-9: Reduced levels of free IAA are seen in combination mutants defective in 
IBA metabolism and IAA-conjugate hydrolysis. 5-day-old cotyledon tissue was 
collected and free IAA levels were measured using GC-MS. n>6; error bars represent 
standard error.  Letters indicate significant differences using one-way ANOVA (P < 
0.05). 
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Figure 4-10:  Combination mutants show normal auxin levels in growing tissues.  
Auxin levels were measured from seedling meristem and hypocotyl (A, B) and cotyledon 
tissues (C).  Auxin levels were measured as in Figure 5. No significant differences are 
seen between samples using one-way ANOVA (P< 0.05). 
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In addition to biosynthesis pathways, I also examined gene expression in the other 
input pathways.  For instance, in mutants disrupting IBA-response genes and IAA 
conjugate hydrolases, auxin biosynthesis pathway activation would increase IAA levels 
but a MeIAA-based conversion to IAA also could be increased (Figure 4-1).  Indeed, 
MES17 expression was increased in the mutants, providing an additional pathway to 
maintain IAA levels (Figure 4-11C).  Similarly, in the mes17 ill2 iar3 mutant, ECH2, one 
of the four known IBA-response genes, showed somewhat increased expression, although 
IBR1 and IBR3 levels were unchanged (Figure 4-11C).  In the mes17 ibr3 mutant, levels 
of the conjugate hydrolase IAR3 were increased (Figure 4-11C).    
 
4.6. Discussion   
 Auxin responses are regulated at three interdependent levels: homeostasis, 
directional transport, and signaling.  The general term ‘homeostasis’ includes 
biosynthesis, oxidative degradation, and auxin modifications.  In combination with 
transport, these factors maintain the precise levels of auxin desirable in a cell based on 
cell type, developmental stage, and environmental conditions.  Specific transcriptional 
activation and repression pathways occur based on the level of free IAA in an individual 
cell, leading to physiological changes in plant growth and development.  The focus of this 
work was on the potential IAA-input pathways apart from biosynthesis, allowing us to 
determine the specific and overlapping roles of input pathways on auxin levels and auxin 
physiology.   
 Modified forms have auxin-like activity in assays and act primarily by their 
conversion to free IAA.  Some exceptions have been suggested: IBA has increased 
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efficacy over IAA for some processes, including adventitious rooting (Ludwig-Müller et 
al., 2005), and some lateral root initiation appears to be independent of or in addition to 
IBA conversion to IAA (Chhun et al., 2003; Strader et al., 2011).  Further, changing free 
IBA levels independent of IAA changes in plants overexpressing the UGT74E2 IBA 
conjugating enzyme connects shoot morphogenesis to IBA activity (Tognetti et al., 
2010).  However, the primary activity of IBA and IAA conjugates appears to be based on 
conversion to IAA, as conversion mutants lose responses to the storage compound.  
These modified structures cannot directly facilitate IAA signaling.  Transport of these 
molecules also is distinct from IAA transport streams (Strader and Bartel, 2011; Korasick 
et al., 2013). The regulated conversion of storage compounds to free IAA may allow for 
an extended or controlled auxin response, distinct from the rapid changes associated with 
activation of transport or signaling pathways.  
 Individual pathways contribute to specific physiological responses in unique 
ways.  For example, the ech2 ibr3 ibr1 ibr10 mutant disrupting IBA responses has 
defects in cotyledon expansion not seen in the ill2 iar3 ilr1 mutant disrupting three 
conjugate hydrolases (Rampey et al., 2004; Strader et al., 2011).  Similarly, mes17 has a 
moderate hypocotyl elongation defect (Yang et al., 2008) not seen in lines disrupting 
other input pathways.  The genes encoding proteins promoting auxin production are 
expressed throughout growth and development, with no obvious connection to specific 
physiological outputs (Figure 4-1B).  However, proteins could be regulated in a 
developmental or environmental-specific manner, leading to activation and auxin  
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Figure 4-11: Biosynthesis genes are upregulated in combination mutants. Expression 
analysis was performed using quantitative PCR of A) IAA de novo biosynthesis genes, B) 
YUCCA regulators, C) other IAA-input pathways and D) one gene involved in auxin 
signaling and one involved in transport.   Expression is shown relative to wild type and 
transcript levels of target genes were normalized to expression of Ubiquitin 10 
(At4G05320).  n>3; error bars represent standard error.  Letters indicate significant 
differences using one-way ANOVA (P < 0.05). 
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 increases in individual cells.  Organelle location also separates auxin pools and changing 
import or metabolism may contribute to specific responses (Simon and Petrášek, 2011). 
The fact that each pathway does play a unique role would suggest one reason why 
multiple IAA input pathways are required.  Each pathway has become somewhat 
specialized, perhaps in conjunction with other developmental or metabolic pathways or in 
a plant-specific manner, to aid the plant in maintaining the appropriate cellular auxin 
levels.  A second reason is redundancy, as having multiple auxin input pathways 
guarantees that a plant will be able to regulate the critical hormone even if one pathway is 
disrupted.   
Examining higher-order mutants disrupting input pathways has allowed a better 
understanding of how homeostasis is maintained. Mutant plants had developmental 
phenotypes indicative of changes to the IAA pool.  iar3 ill2 ibr3 and ill2 iar3 ilr1 ibr1 
mutants had germination defects that were alleviated by low concentrations of IAA 
(Figure 4-3), suggesting IAA derived from these modified forms is contributing to seed 
germination.  Combination mutants had altered root length under normal conditions and 
lateral root initiation defects that again were rescued by auxin application (Figures 4-6, 4-
7).  In addition, I saw changes in root hair number and length (Figure 4-6).  These results 
support a role for both input pathways in controlling root architecture.  Combining IBA 
response and IAA conjugate hydrolase defects also led to changes in adult growth, 
including flowering time, vascular development, and leaf shape (Figures 4-5, 4-8).  As 
suggested by experiments in which phenotypic responses were alleviated by auxin 
application, mutant disruptions resulted from reduced auxin levels (Figure 4-9).  
Although there is some specificity based on the pathways that are feeding into the pool, 
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the overall auxin level is critical and the IAA-conjugate hydrolase pathways and IBA 
response pathways are interacting to affect auxin levels.   
Combining these defects led to changes in plant growth and response not seen 
with mutations in either pathway alone, even in lines with stronger disruptions, 
suggesting these pathways are both contributing to the auxin pool.  It is important to note 
that the mutant lines chosen are not all null alleles.  Partial rescue may be due to partial 
activity of the enzymes.  For instance, ibr3 and ibr1 have weaker phenotypes than other 
mutants disrupted in the same pathway (Spiess and Zolman, 2013).  This response may 
explain partial effects in germination assays, where IBA could slightly rescue the mutant 
phenotypes.  However, use of these mutants was a conscious choice, designed to remove 
negative consequences of stronger phenotypic disruptions in the individual pathways that 
could complicate analysis of the additive responses (Strader et al., 2011).  Because the 
mutant phenotypes seen in these combination mutants were not identical to mutants with 
additional disruption of the individual pathways, our goal in determining the effects of a 
combined disruption appears to be successful.  Further, two different combinations of 
mutations disrupting IBA-response genes and IAA-conjugate hydrolases show similar 
responses.  In addition, analysis of the MES17 effects is complicated by the presence of 
other esterases that could be acting on similar targets including MES1, MES2, MES7 and 
MES18 (Yang et al., 2008). Although MES17 has been reported to show activity on 
MeIAA (Yang et al., 2008),  additional higher-order mutants may be required for full 
understanding of this pathway.   
Although many aspects of auxin metabolism are affected by changes in auxin-
input pathways, other pathways are not affected.  The plants are still generally healthy 
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and show normal fertility (Figure 4-8).  Gravitropic responses were normal in all mutants 
(Figure 4-13).  Because tissues showed different auxin levels (Figures 4-9, 4-10), many 
cells are able to maintain appropriate signaling pathways and generate normal 
physiological responses.  Although a quadruple mutant disrupting IBA-response genes 
showed cell expansion defects (Strader et al., 2011), these mutants showed no changes in 
pavement cell growth (Figure 4-12).  In this case, the strong disruption of IBA to IAA 
conversion in specific cells may be more relevant than the general changes in IAA levels 
in combination mutants.  Finally, in some cases, the phenotypic defects appear 
contradictory to previous studies. The ill2 ilr1 iar3 ibr1 mutant has rolled leaves (Figure 
4-8). As this phenotype is more common in mutants with increased IAA levels (Pérez-
Pérez et al., 2010), it may be due to accumulation of the IAA-conjugates or IBA or due to 
any alteration of auxin homeostasis, either increased or decreased, in specific cells. 
 The effects of these mutations are moderated by changes to de novo biosynthesis 
pathways (Figure 4-11). Examining which enzymes the plant upregulates when IAA 
sources are limited can aid in determining the enzymes most important and rate limiting 
for maintaining auxin levels. For example, YUC2 and YUC4 are upregulated in the ill2 
ilr1 iar3 ibr1 mutant but not YUC7, YUC8, or YUC9, indicating that under these 
conditions, YUC2 and YUC4 are playing a larger role in regulating IAA biosynthesis. 
This may be because YUC7, YUC8, and YUC9 are less active in auxin biosynthesis than 
YUC2 and YUC4 or because these genes are more responsive to low auxin levels in these 
cells. 
 In addition to the primary biosynthetic pathway combining YUC and TAA 
(Mashiguchi et al., 2011), other genes associated with auxin biosynthesis were more 
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highly expressed.  For instance, NIT1 and NIT2, which hydrolyze indole-3-acetonitrile 
(IAN) to IAA (Normanly et al., 1997), were upregulated (Figure 4-11).   The increases in 
gene expression would indicate that the plant is able to sense and respond to the low IAA 
levels caused by these mutations, providing a feedback mechanism to reduce any 
disruptions from too little auxin in a cell.  The regulation of specific YUC/TAA genes and 
the activation of alternative biosynthesis pathways reveal a degree of specificity in this 
response.  Gene expression of IAA18, acting in auxin signaling, and AUX1, an auxin 
transport component, were not affected (Figure 4-11D). 
I also investigated potential mechanisms for how the plant regulates these specific 
biosynthetic enzymes. PLT5, one member of the Plethora family of transcriptional 
regulators, was significantly upregulated (Figure 4-11).  Changes in PLT regulators could 
be directly contributing to increased YUC expression.  YUC1 and YUC4 expression levels 
were reduced in plt3plt5plt7 triple mutants (Pinon et al., 2013).  Further, YUC4 transcript 
levels increased quickly following activation of an inducible PLT5 construct (Pinon et al., 
2013).  Details on the potential connections between PLT5and other YUC genes have not 
been explored.  Additional analysis will be necessary to determine how these biosynthetic 
pathways are upregulated.  In addition, analysis of known transcription factor binding 
sites (Chang et al., 2008) did not reveal obvious inducers.  
In addition to IAA biosynthesis pathways, MES17 expression was upregulated in 
the mutants combining IAA conjugate hydrolases and IBA response enzymes and IAR3 is 
upregulated in the mes17 ibr3 mutant (Figure 4-11D).  These results indicate that, in 
addition to biosynthesis pathways, input pathways can also respond to changing IAA 
levels and be used to help a plant respond and maintain the appropriate IAA levels.   
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Figure 4-12: Pavement Cell Growth is unchanged in combination mutants. 
Pavement cells were imaged with a confocal microscope after cotyledons were 
exposed to propidium iodide. 
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Figure 4-13: Combination mutants show normal gravitropic responses. Wild type and 
combination mutants were grown on media containing no hormone in the light for 4 days. 
The plates were then turned 90° and the roots were grown for an additional 5 days in the 
dark.  One representative individual from each line is shown. 
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  Altering MES17 expression causes altered responses consistent with changes in 
auxin metabolism (Qin et al., 2005; Yang et al., 2008).  Further, mutations in input 
pathways led to increased MES17 responses, consistent with the idea that MES17 is 
converting an auxin storage form to IAA.  However, the specifics of this reaction are not 
known.  Loss of MES17 in conjunction with IBA response pathways or IAA conjugate 
hydrolase pathways produce a less dramatic phenotype than those in mutants disrupting 
other auxin-input pathways, which may indicate that this pathway is less active or more 
specific, perhaps at a developmental or environmental level, than the others in its 
contributions to overall auxin levels.  Alternatively, as described above, other esterases 
(Yang et al., 2008) also may be acting in this process and are able to compensate for loss 
of MES17.  Finally, changes in gene expression were apparent in the mes17 combination 
mutants (Figure 4-11), which may normalize auxin levels in these plants (Figure 4-9), 
resulting in fewer physiological changes.    
Although these compounds have been recognized as contributing to auxin pools, 
largely by genetics and metabolite analysis, other compounds may be more relevant to 
plant physiology.  Notably, MeIAA has not been detected in plants, which may be 
attributed to low abundance or rapid turnover (Qin et al., 2005) or because MeIAA is an 
intermediate in an esterification pathway.  Similarly, IBA has been found in many plants, 
but often at amounts similar to or less than free IAA, which is unexpected for a storage 
molecule; IBA may not be the relevant substrate but may be an intermediate in 
metabolism or biosynthesis (Spiess and Zolman, 2013).   IAA-peptides similarly may 
play into these pathways, either in addition to or as indicated by IAA-amino acids.  
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Additional studies are necessary to define the specific metabolic pathways, but our results 
provide support that the pathways and these enzymes are feeding into IAA homeostasis. 
The overall context of these three inputs must now be addressed in the context of 
other pathways, including transport.  Auxin levels also are coordinated by the amount of 
auxin degradation as well as additional sequestration pathways including IAA-ester 
conjugates such as IAA-glucose (Woodward and Bartel, 2005).  In particular, 
understanding the connections to glucose conjugates requires the identification of 
enzymes that convert glycosylation forms back to free, active IAA; such enzymes have 
been characterized in other species, including Zea mays (Hall and Bandurski, 1986; 
Kowalczyk and Bandurski, 1990; Jakubowska et al., 1993; Kowalczyk et al., 2003; 
Jakubowska and Kowalczyk, 2005).  A second complication is the further modifications 
of these forms, including IBA-amino acid (Campanella et al., 2004) and sugar (Korasick 
et al., 2013) conjugates as well as MeIAA-Glc (Narasimhan et al., 2003).  Finally, 
although sequestration pathways are important in auxin homeostasis, auxin biosynthesis 
plays a clear role in auxin homeostasis.  Future studies will be necessary for full 
understanding of the pathways that influence IAA levels and how they interact under 
normal growth and development and during changing environmental conditions. 
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Chapter 5: Mutants disrupted in multiple auxin-input pathways 
display role for auxin in germination in Arabidopsis thaliana. 
 
 Previous studies have examined the effects of the phytohormones GA and ABA 
on germination. However, there has not been a role defined for auxin in germination. As 
first described in Chapter 4, a germination defect is seen in the IBA metabolism/ IAA-
conjugate hydrolase mutants that can be rescued by application of exogenous IAA. To 
further explore the observed germination defect, I examined the effect of cold 
acclimation, dormancy, and other hormones known to act in germination on the ibr3 ill2 
iar3 and ibr1 ill2 iar3 ilr1 mutants. Columbia was used as wild type for all assays. All 
seeds used for these experiments were stored in envelopes at room temperature. 
 
5.1. Seed dormancy length does not affect germination in IBA 
metabolism/ IAA conjugate hydrolase mutants. 
 
 To examine if seed dormancy plays a role in germination in the IBA metabolism/ 
IAA-conjugate hydrolase mutants, I examined germination using seeds two days, two 
months, and two years after harvesting (Figure 5-1). Therefore, the 2 day seeds were 
plated before the normal dormancy period of at least seven days was complete, and as 
expected both the wild type and mutants displayed poor germination (Figure 5-1a).   
 Mutant seeds that were two months old displayed the germination defect seen 
previously (Compare figures 4-3 and 5-1b). 100% of wild type (Columbia) seeds 
germinated by around 50 hours whereas 100% of the ibr3 ill2 iar3 seeds did not 
germinate until around 80 hours and the ibr1 ill2 iar3 ilr1 mutant never reached a 100% 
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germination level (Figure 5-1b). The ibr1 ill2 iar3 ilr1 mutant reached its maximum 
germination by 80 hours (Figure 5-1b).  
 Germination in two year old seeds was also tested to examine the effect of 
extended dormancy. As seeds age they are less likely to germinate (Rodriguez-Gacio 
Mdel et al., 2009). As expected, Columbia does not germinate as early as it does when 
the seeds are only 2 months old. Only ninety percent of the Columbia seeds eventually 
germinated but this does not occur until around 100 hours post plating (Figure 5-1c), 
twice as long as required for 100% germination using 2 month old seeds. Maximum 
germination is not seen for the ibr3 ill2 iar3 and ibr1 ill2 iar3 ilr1 mutants until 120 
hours and they only reach seventy six and eighty six percent germinated, respectively 
(Figure 5-1c). Because poor germination is seen with approximately the same level of 
disruption in both mutants and wild-type, I concluded that dormancy is not specifically 
affected in the IBA metabolism/ IAA conjugate hydrolase mutants. 
 
5.2. Cold acclimation rescues the germination defect in IBA metabolism/ 
IAA conjugate hydrolase mutants. 
 
 Cold acclimation or stratification induces germination by reducing ABA levels in 
the plant (Nordborg and Bergelson, 1999). ABA is a plant hormone that acts to keep the 
plant dormant. To examine the effect of cold acclimation on germination in the IBA 
metabolism/ IAA conjugate hydrolase mutants, I plated seeds 0, 6, 24, 45, 76, and 100 
hours after imbibition at 4ºC. 0 hours indicates no cold acclimation and 100 hours 
indicates the seeds were plated 100 hours after being placed at 4ºC. At 0 hours, the 
typical germination defect is seen in the ibr3ill2iar3 and ibr1ill2iar3ilr1 mutants (Figure   
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Figure 5-1: Seed dormancy is not affected in the ibr3 ill2 iar3 and ibr1 ill2 iar3 ilr1 
mutants. A) Seeds were plated 2 days after harvesting. B) Seeds were plated 2 months after 
harvesting. C) Seeds were plated 2 years after harvesting.  For all graphs, the percent germinated 
is represented on the Y-axis and the hours after plating are represented on the X-axis with 0 
indicating the time it was plated. Columbia is represented in blue, ibr3 ill2 iar3 is represented in 
red, and ibr1 ill2 iar3 ilr1 is represented in green.  
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Figure 5-2: Cold Acclimation rescues the germination defect seen in the ibr3 ill2 iar3 
and ibr1 ill2 iar3 ilr1 mutants. A) 0 hours after cold acclimation. B) 6 hours after cold 
acclimation. C) 24 hours after cold acclimation. D) 45 hours after cold acclimation. E) 76 hours 
after cold acclimation. F) 100 hours after cold acclimation. For all graphs, the percent germinated 
is represented on the Y-axis and the hours after plating are represented on the X-axis with 0 
indicating the time it was plated. The X-axis is optimized for each experiment. Columbia is 
represented in blue, ibr3 ill2 iar3 is represented in red, and ibr1 ill2 iar3 ilr1 is represented in 
green. 
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 5-2a). At 6 hours and 24 hours, germination still resembles that of 0 hours with the 
ibr3ill2iar3 and ibr1ill2iar3ilr1 mutants displaying a delayed germination defect (Figure 
5-2b and 2c). However, at 45 hours the germination of the IBA metabolism/ IAA 
conjugate hydrolysis mutants resembles wild-type germination (Figure 5-2d). When the 
seeds are acclimated for 76 or 100 hours they also germinate similar to wild-type 
although, in general, all seeds germinate earlier (Figure 5-2e and 2f), probably due to 
reduction of ABA levels in the plant.  
 
5.3. GA and IAA rescue the germination defect seen in IBA metabolism/ 
IAA conjugate hydrolase mutants. 
 
 Previous experiments had shown that IAA is able to rescue the germination defect 
seen in the IBA metabolism/ IAA conjugate hydrolase mutants (Figure 4-3 and 5-4A and 
4B). However, the role of IAA in germination is unknown. Many hormones work 
together for growth and development of the plant. GA is a powerful inducer of 
germination (Rodriguez-Gacio Mdel et al., 2009). Its role in germination has long been 
evaluated in many plants, including Arabidopsis, pea, and maize (Hedden and Kamiya, 
1997) and mutants in GA biosynthesis display strong germination defects (Debeaujon 
and Koornneef, 2000) (Figure 5-3; mutant defects are shown in Figure 1-5). GA and IAA 
also interact to control shoot development in pea (Ross et al., 2000). Because GA has 
such a strong role in germination as well as its known interaction with IAA in growth, 
germination was examined after seeds were plated on 10 µM GA. Exogenous GA 
application was able to rescue the germination defect (Figures 5-4C and 4D), similar to 
IAA.  Two potential hypotheses can be generated to explain these results: either IAA and  
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Figure 5-3: GA biosynthesis mutants show varying germination defects. A) ga3ox4 B) 
ga20ox1 C) atks, and D) ga20ox1-3 in the presence of no hormone (blue) or 10 µM GA (red). 
Wild type is represented by a solid line and the mutant is represented by a dashed line. 
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Figure 5-4: IAA or GA rescue germination defect in ibr3 ill2 iar3 and ibr1 ill2 iar3 ilr1 
mutants. A) ibr3 ill2 iar3 B) ibr1 ill2 iar3 ilr1 germination on no hormone (blue), 20 nM IAA 
(green), and 10 µM GA (red). C) ibr3 ill2 iar3 D) ibr1 ill2 iar3 ilr1 germination on no hormone 
(blue), 3 µM PAC (purple), and 10 µM GA (red). For all graphs, the percent germinated is 
represented on the Y-axis and the hours after plating are represented on the X-axis with 0 
indicating the time it was plated. Wild type is represented with a solid line, and the mutants are 
represented with dashed lines. 
Spiess, Gretchen, 2014, UMSL, p. 103 
 
GA work in separate pathways to induce germination, or IAA works through GA to 
induce germination.  
To further investigate the role of GA induced germination in the IBA metabolism/ 
IAA conjugate hydrolase mutants, I examined germination in the presence of PAC. PAC 
inhibits early GA biosynthesis by inhibiting oxidation of ent-kaurene (Figure 1-5; 
(Cowling and Harberd, 1999). I hypothesized the mutants would show hypersensitivity to 
PAC if IAA was acting through GA. ibr3ill2iar3 and ibr1ill2iar3ilr1 mutants appear to 
be slightly resistant to PAC (Figure 5-4C and 4D). This result is surprising and additional 
analysis on multiple PAC and GA concentrations as well as GA measurements may help 
to elucidate how both GA and IAA are controlling germination.  
 To further elucidate the role of GA in germination of mutants with low IAA 
levels, I examined germination in IAA biosynthesis mutants yuc4, yuc1, and taa1tar2-2. 
Although these seeds were not the same age as the wild type controls mutants, they 
display a similar germination defect that was again rescued by either GA or IAA (Figure 
5-5), indicating overall IAA levels are necessary for proper germination. However, these 
assays need to be repeated with seeds that are the same age as the other mutants to 
determine if this germination defect is not due to a longer dormancy period, especially 
because a germination defect has not previously been reported in these mutants. When 
plated on PAC, only yuc1 shows a slight resistance while the other two show a slight 
hypersensitivity (Figure 5-6). Because of this inconsistency, future experiments need to 
be done with seeds the same age as well as multiple concentrations of PAC. 
   
Spiess, Gretchen, 2014, UMSL, p. 104 
 
 
Figure 5-5: Preliminary analysis of IAA biosynthesis mutants shows a germination 
defect that is rescued by application of both IAA and GA. Germination of A) yuc1 B) yuc4 
and C) taa1tar2-2 on no hormone (blue), 20 nM IAA (red), and 10 µM GA (green). For all 
graphs, the percent germinated is represented on the Y-axis and the hours after plating are 
represented on the X-axis with 0 indicating the time it was plated. Wild type is represented with a 
solid line, and the mutants are represented with dashed lines. 
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Figure 5-6: Preliminary analysis of IAA biosynthesis mutants does not show 
consistent resistance to PAC. Germination of A) yuc1 B) yuc4 and C) taa1tar2-2 was 
measured in the presence of no hormone (blue), 10 µM GA (red), or 3 µM PAC (green). For all 
graphs, the percent germinated is represented on the Y-axis and the hours after plating are 
represented on the X-axis with 0 indicating the time it was plated. Wild type is represented with a 
solid line, and the mutants are represented with dashed lines.  
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 To further examine the relationship between IAA and GA, the IBA metabolism/ 
IAA conjugate hydrolase mutants were grown on media that contained both IAA and 
PAC (Figure 5-7A and 7B). Germination was partially rescued when seeds were plated 
on media containing both 3 µM PAC and 40 nM of IAA compared to mutant controls on 
IAA or GA alone in both the mutant and wild type. This suggests that application of IAA 
is either helping release more active GA or IAA can work through a different pathway to 
induce germination. As a control, mutants were also grown on plates containing both GA 
and PAC (Figure 5-7C and 7D). Both the mutants and wild type show full rescue of 
germination defects as expected (Figure 5-7C and 7D). 
  
5.4. ABA and ACC have no effect on germination of IBA metabolism/ IAA 
conjugate hydrolase mutants. 
 
 ABA is a plant hormone known to inhibit germination (Nambara, 2010). ABA 
and GA antagonize one another (Rodriguez-Gacio Mdel et al., 2009). Because GA 
rescues the germination defect in the IBA metabolism/ IAA conjugate hydrolase mutants, 
I wanted to determine if ABA had any effect on mutant germination. The ibr3ill2iar3 and 
ibr1ill2iar3ilr1 mutants both germinated similar to wild type in the presence of 2 µM 
ABA. 40 nM IAA did not rescue the delayed germination caused by growth on ABA 
(Figure 5-8). Because both wild type and the combination mutants behave similar and the 
germination delay was not affected by exogenous IAA application, I concluded that ABA 
and IAA are not interacting directly to control germination. 
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 Ethylene also plays a role in germination by inhibiting ABA (Ghassemian et al., 
2000). To determine if ethylene and IAA are interacting in the IBA metabolism/ IAA 
conjugate hydrolase mutants, I grew seeds in the presence of 20 µM ACC, an ethylene 
precursor (Figure 5-9). The germination defect was not rescued by application of ACC, 
indicating that IAA and ethylene are not interacting to control germination in the seed. 
5.5. Discussion. 
 
 Auxin is critical plant hormone important for many aspects of development 
including root growth, vascular patterning, and apical dominance (Chapter 1.1.b). 
However, a role for auxin in germination has not been described. Mutants disrupted in 
IBA metabolism and IAA conjugate hydrolysis display many developmental defects, 
including delayed germination (Chapter 4). This germination defect can be overcome by 
application of low concentrations of IAA, application of GA, or cold acclimation (Figure 
5-1, 5-2, and 5-4). Notably, a longer dormancy period does not affect germination in the 
mutants compared to wild type (Figure 5-1). Cold acclimation promotes even 
germination in many studies, even if no germination defect is present, as well as induces 
earlier germination (Nordborg and Bergelson, 1999). When Arabidopsis seeds are 
stratified, ABA levels decrease allowing the seed to germinate (Ali-Rachedi et al., 2004). 
Therefore, when the IBA metabolism/ IAA conjugate hydrolase mutants are placed at 
4ºC, germination improves because of a decrease in ABA levels. Based on the data, it 
takes around 45 hours at 4ºC in order to reduce ABA to a level that will allow 
germination. Because GA acts antagonistically to ABA, this treatment may mimic the 
mechanism that allows exogenous GA to rescue the germination defect.  
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Figure 5-7: IAA partially rescues germination defect created by PAC application in 
both the mutants and wild type. A) ibr3 ill2 iar3 B) ibr1 ill2 iar3 ilr1 germination on no 
hormone (blue), 3 µM PAC (green), 20 nM IAA (red), and 3 µM PAC + 40 nM IAA (black). C) 
ibr3 ill2 iar3 D) ibr1 ill2 iar3 ilr1 germination on no hormone (blue), 3µM PAC (green), 10 µM 
GA (red), and 3 µM PAC + 10 µM GA (black). For all graphs, the percent germinated is 
represented on the Y-axis and the hours after plating are represented on the X-axis with 0 
indicating the time it was plated. Wild type is represented with a solid line, and the mutants are 
represented with dashed lines. 
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Figure 5-8: Mutants show wild type responses to ABA . A) ibr3 ill2 iar3 B) ibr1 ill2 iar3 
ilr1 germination on no hormone (blue), 2 µM ABA (red), and 2 µM ABA + 20 nM IAA (green). 
For all graphs, the percent germinated is represented on the Y-axis and the hours after plating are 
represented on the X-axis with 0 indicating the time it was plated. Wild type is represented with a 
solid line, and the mutants are represented with dashed lines. 
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Figure 5-9: Mutants show wild type responses to ACC. A) ibr3 ill2 iar3 B) ibr1 ill2 iar3 
ilr1 germination on no hormone (blue) and 20 µM ACC (green). For all graphs, the percent 
germinated is represented on the Y-axis and the hours after plating are represented on the X-axis 
with 0 indicating the time it was plated. Wild type is represented with a solid line, and the 
mutants are represented with dashed lines. 
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 Why a germination defect is seen in mutants disrupted in IAA homeostasis is 
unknown. This germination defect is seen not only in the IBA metabolism/ IAA 
conjugate hydrolase mutants, but also in de novo biosynthesis mutants yuc1, yuc4, and 
taa1 tar2-2 (Figure 5-6). There are two theories that may explain the germination defect. 
First, specific IAA levels are necessary for normal GA biosynthesis and/or signaling. 
Studies performed in pea give evidence that low IAA levels lead to low GA levels. In 
pea, IAA induces production of the active form of GA, GA1, by increasing transcription 
of PsGA3ox1, a GA 3-oxidase (Ross et al., 2000). Similarly, loss of IAA by decapitating 
the pea plant leads to increased transcription of a GA 2-oxidase, which leads to increase 
in GA29, an inactive form of GA. Second, IAA and GA may induce germination through 
pathways independently. Examining GA biosynthesis mutants in the presence of IAA 
might help determine if these pathways are acting independently. However, expression of 
select genes involved in GA biosynthesis and signaling is not changed in seedlings 
treated with  IAA (Figure 5-10) (Winter et al., 2007).  
 More experiments are necessary to further characterize the resistance to PAC 
phenotype. PAC resistance in the IBA metabolism/ IAA conjugate hydrolysis mutants 
may be explained if IAA is working through the same pathway as GA. GA levels might 
already be reduced in the seed and, therefore, application of PAC does not reduce GA 
levels any more in the mutants but it causes a significant decrease in GA levels in wild 
type.  
 The results of this study likely indicate that the IAA connection to germination 
involves GA. However, it may be that too high of an ABA concentration was used which 
therefore, may have masked any possible enhancement or resistance. Future experiments 
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using an ABA gradient may help elucidate if ABA is playing a role. Higher 
concentrations have been tried (data not shown), but no difference is seen between the 
combination mutants and wild type at these concentrations. 
 Because ethylene is a known negative regulator of ABA in germination, I also 
examined germination in the presence of ACC, an ethylene precursor (Ghassemian et al., 
2000). The germination defect was not rescued in the IBA metabolism/ IAA conjugate 
hydrolase mutants indicating that ethylene is not directly involved in the germination 
defect. This result also gives additional evidence that ABA is not the cause of the delayed 
germination seen in the IBA metabolism/ IAA conjugate hydrolysis mutants.  
 The molecular mechanism causing delayed germination in the IBA metabolism 
IAA conjugate hydrolase mutants remains unknown. However, the data indicates that if 
crosstalk is occurring between the hormones, the interaction is likely to be between GA 
and IAA and not between IAA and ABA or IAA and ethylene. Understanding how the 
plant hormones are interacting will help obtain a better understanding of how plant 
development is controlled. 
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Figure 5-10: Comparison of expression of genes involved in GA processes on mock 
treatment versus IAA treatment. Expression of A-D) GA biosynthesis genes and E) gene 
containing a DELLA domain in the presence of IAA (bottom) or mock treatment (top) (Winter et 
al., 2007).  Expression levels are represented by coloration patterns ranging from pale yellow 
(low expression) to bright red (high expression).   
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Chapter 6: Disruption in multiple IAA-input pathways including 
biosynthetic pathways or increased expression of IAA-input genes 
leads to developmental changes in Arabidopsis thaliana. 
 
Previous studies examined the phenotypes of single and higher-order mutants in 
one auxin input pathway. These include the ibr1 ibr10 ibr3 ech2 mutant (Strader et al., 
2011), the ill2 iar3 ilr1 (Rampey et al., 2004) mutant, and the mes17 mutant (Yang et al., 
2008). The data in Chapter 4 described characterized of mutants that disrupted multiple 
pathways but left de novo biosynthesis functional.  These included the ibr3 ill2 iar3, ibr1 
ill2 iar3 ilr1, mes17 ibr3, and mes17 ill2 iar3 mutants. These mutants displayed 
developmental phenotypes similar to higher order mutants that are defective in one input 
pathway as well as a germination defect that indicates a role for auxin in germination 
(elaborated in chapter 5). To further understand how auxin levels are maintained in the 
plant, combination mutants were generated that included disruptions in an enzymes 
involved in IAA de novo biosynthesis, MES17, IBA response, and IAA-conjugate 
hydrolysis (Table 6-1). Mutants that are still segregating were not characterized and are 
noted in Table 6-1 as still segregating. Mutants that are characterized in this chapter are 
taa1 ibr3 which is a mutant disrupted in IBA response and de novo biosynthesis, taa1 ill2 
iar3 which is a mutant disrupted in IAA-conjugate hydrolysis and de novo biosynthesis, 
and mes17 ill2 ilr1 which is a mutant disrupted IAA-conjugate hydrolysis and MES17. To 
approach the question in reverse, constitutive expression lines of two IAA-conjugate 
hydrolase genes, IAR3 and ILR1, as well as an IBR3 constitutive expression line were 
also generated (Table 1). All mutants and transgenics are in the Columbia (Col) 
background. To generate overexpression lines, expression of IAR3, ILR1, or IBR3 cDNA 
was placed under control of the constitutive 35S promoter. The taa1 ibr3 mutant was  
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Table 6-1:  Combination mutants used in this study were made by crossing previously 
characterized mutants.  
Mutants  Mutation(s) Description 
taa1a T-DNA insertion IAA de novo biosynthesis; disruption leads to 
weak ethylene insensitivity and auxin phenotypes 
ibr3b E  K, splice 
site mutation 
Acyl-CoA dehydrogenase; disruption leads to 
IBA-response phenotypes in root elongation, root 
initiation 
yuc c 
 
T-DNA insertion IAA de novo biosynthesis; no phenotypes are 
observed in yuc1 single mutant 
mes17d 
 
T-DNA insertion Methyl esterase; disruption leads to increased 
hypocotyl length and resistance to MeIAA. 
ill2iar3e 
 
T-DNA in ILL2  
T-DNA in IAR3 
IAA-conjugate hydrolases; disruption leads to 
resistance to IAA-Leu. 
ill2ilr1e 
 
T-DNA in ILL2  
Deletion in ILR1 
IAA-conjugate hydrolases; disruption leads to 
resistance to IAA-Ala and IAA-Phe. 
ibr3ill2iar3f T-DNA in ILL2  
T-DNA in IAR3 
E  K, splice 
site mutation in 
IBR3 
Triple mutant combining disruptions in IBA 
response and IAA-conjugate hydrolysis (Chapter 
4) 
ibr1ill2iar3ilr1 f T-DNA in ILL2  
T-DNA in IAR 
Deletion in ILR1 
E  K, splice site 
mutation in IBR3 
Quadruple mutant combining disruptions in IBA 
response and IAA-conjugate hydrolysis (Chapter 
4) 
mes17ill2iar3 f T-DNA in MES17 
TDNA in ILL2 
TDNA in IAR3 
Triple mutant combining disruptions in Methyl-
IAA hydrolysis and IAA-conjugate hydrolysis 
(Chapter 4) 
mes17ibr3 f TDNA in MES17 
E  K, splice site 
mutation in IBR3 
Double mutant combining disruptions in Methyl-
IAA hydrolysis and IBA response (Chapter 4) 
taaill2iar3  Triple mutant combining disruptions in IAA de 
novo biosynthesis and IAA-conjugate hydrolysis 
taaibr3  Double mutant combining disruptions in de novo 
biosynthesis and IBA response 
mes17ill2ilr1  Triple mutant combining disruptions in Methyl-
IAA hydrolysis and IAA-conjugate hydrolysis 
mes17ill2iar3ilr1 still segregating Quadruple mutant combining disruptions in 
Methyl-IAA hydrolysis and IAA-conjugate 
hydrolysis 
yuc1ibr1ill2iar3ilr1 still segregating Quintuple mutant combining disruptions in IAA-
conjugate hydrolysis, IBA response, and de novo 
biosynthesis 
mes17ibr3ill2iar3 still segregating Quadruple mutant combining disruptions in 
Methyl-IAA hydrolysis, IBA response and IAA-
conjugate hydrolysis 
taa1ibr3ill2iar3 still segregating Quadruple mutant combining disruptions in de 
novo biosynthesis, IBA response, and IAA-
conjugate hydrolysis 
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mes17taa1ill2iar3 still segregating Quadruple mutant combining disruptions in 
Methyl-IAA hydrolysis, de novo biosynthesis, and 
IAA-conjugate hydrolysis 
taa1ibr1ill2iar3ilr1 still segregating Quintuple mutant combining disruptions in de 
novo biosynthesis, IBA response, and IAA-
conjugate hydrolysis 
ibr1mes17ill2iar3ilr1 still segregating Quintuple mutant combining disruptions in 
methyl-IAA hydrolysis, IBA response, and IAA-
conjugate hydrolysis 
taa1mes17ibr3 still segregating Triple mutant combining disruptions in de novo 
biosynthesis, Methyl-IAA hydrolysis and IAA-
conjugate hydrolysis 
Col35SIAR3  Constitutive expression of an IAA-conjugate 
hydrolysis gene in the Columbia background 
Col35SILR1  Constitutive expression of an IAA-conjugate 
hydrolysis gene in the Columbia background 
Col35SIBR3  Constitutive  expression of an IBA response gene 
in the Columbia background 
   
a, (Tao et al., 2008) b, (Zolman et al., 2007); c, (Cheng et al., 2006) d, (Yang et al., 
2008); e, (Rampey et al., 2004); f, (Spiess et al., 2014)  
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created to determine how IAA de novo biosynthesis and IBA are working together. The 
taa1 ill2 iar3 was generated to determine how IAA de novo biosynthesis and IAA- 
conjugates are working together. The mes17 ill2 iar3 was made to further examine the 
importance of MES17-mediated metabolism in combination with IAA-conjugate 
hydrolysis. Together these mutants ablate the major IAA-input pathways. 
  Cloning and transformation of Col35SIAR3 and Col35SILR1 lines was done by 
Dr. Rosie Tellez and cloning and transformation of Col35SIBR3 was done be Dr. 
Bethany K. Zolman. Except where indicated, the Col35SIBR3 D line was used. HA-
ECH2 lines were provided by Dr. Lucia Strader. Matt Richard, an undergraduate in the 
lab, helped with initial characterization of the taa1 ill2 iar3 and taa1 ibr3 mutants.  
 
6.1 No germination or seedling defects are observed in taa1-containing 
mutants. 
 
 Because a germination defect was seen in IBA metabolism/ IAA conjugate 
hydrolase mutants (Figure 4-3) and the taa1 tar2 auxin de novo biosynthesis mutant 
(Figure 5-5), germination was tested on the mutants combining defects in de novo 
biosynthesis and IBA metabolism or IAA-conjugate hydrolysis. Germination was not 
altered in the taa1 ill2 iar3 or the taa1 ibr3 mutants (Figure 6-1). This result could be 
because auxin levels are not significantly lowered in these mutants. 
 Mutants with low IAA levels cause delayed germination. Therefore, it was 
hypothesized that constitutive expression of IAA input genes may enable the plant to 
generate higher levels of IAA endogenously, which may allow for earlier germination. 
However, the Col35SIAR3, Col35SILR1, and Col35SIBR3 lines all showed normal  
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Figure 6-1: Germination is unchanged in the mutants and constitutive expression 
lines. Germination of Columbia (light blue), taa1 ibr3 (orange), taa1 ill2 iar3 (grey), 
mes17 ill2 ilr1 (yellow), mes17 (dark green), ill2 iar3 (brown), ibr3 (dark grey), 
Col35SILR1 (dark blue), Col35SIAR3 (light green), and Col35SIBR3 (dark red) were 
measured in days. Percent germinated is represented on the Y-axis.  
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germination (Figure 6-1). The lack of a germination phenotype may be because the plants 
do not actually accumulate more auxin or that the increase in IAA levels is not sufficient 
to generate an accelerated response.  
 Auxin is required for apical hook maintenance. Although it appears that all input 
pathways are necessary for apical hook maintenance (Figure 4-6 and (Stepanova et al., 
2008; Vandenbussche et al., 2010; Strader et al., 2011), mutants defective in IBA 
metabolism and IAA conjugate hydrolysis have much stronger defects than mutants 
defective in IAA-conjugate hydrolysis and MES17. To further elucidate the importance of 
auxin homeostasis in apical hook maintenance, apical hook curvature was measured in 
the new combination mutants as well as the constitutive expression lines (Figure 6-2). 
Only taa1 ibr3 was unable to maintain its apical hook, thereby displaying an increased 
apical hook angle. This may be because the other mutants are not significantly lowering 
auxin levels and the lines constitutively expressing IBR3, ILL2, and IAR3 do not 
significantly increase IAA levels. 
6.2. Combination mutants have altered root morphology. 
 
 Primary root growth is inhibited by auxin while lateral growth is initiated by the 
presence of auxin. Plants that are disrupted in an auxin input pathway are unable to 
convert that particular auxin source to active IAA and therefore, display a resistance to 
the given source of auxin. For example, plants with disruptions in IBA metabolism, 
including ibr3, are unable to convert IBA to active IAA and therefore, display a longer 
primary root compared to wild type in the presence of exogenous IBA.  The ill2 iar3 ilr1 
IAA conjugate hydrolase triple mutant has a longer primary root. To determine if IBA 
was being converted to active IAA in the taa1 ill2 iar3 and taa1 ibr3 mutants, root length  
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Figure 6-2: Apical hook angle is increased in the taa1 ibr3 mutant. The taaibr3 mutant 
has defects in apical hook maintenance compared to wild type. Apical hooks were 
measured on seedlings grown 1 day in the light and 4 days in the dark. ImageJ software 
was used to measure the apical hook angle. n>15; error bars represent standard error.    
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Figure 6-3: Mutants are resistant to IAA-conjugates and IBA. A) Wild type, taa1ibr3, 
and taa1 ill2 iar3 were grown on 5 µM IBA as well as plates with no hormone added. 
Root length was measured after 10 days.  B) Wild type, taa1 ibr3, and taa1 ill2 iar3 were 
grown on 12 µM IAA-Ala as well as plates with no hormone added. Root length was 
measured after 10 days. n>20; error bars represent standard error. Asterisks indicate 
statistically significant results between the mutant and wild-type on media supplemented 
with a hormone by Student’s t test (p < 0.05).  
 
  
  
Spiess, Gretchen, 2014, UMSL, p. 122 
 
was measured 10 days after growth on media containing the indicated hormone (Figure 
6-3). As expected the taa1 ibr3 mutant was resistant to IBA, thus having a longer root 
than wild type (Figure 6-3A). The taa1 ill2 iar3 mutant was susceptible to IBA, 
therefore, it displayed a similar root length to wild type (Figure 6-3A). When grown in 
the presence of IAA-Ala, the taa1 ill2 iar3 demonstrated resistance while the taa1 ibr3 
mutant was susceptible as expected (Figure 6-3B).  
 Mutants with low auxin typically display a longer primary root length in the 
absence of any exogenous hormone (Rampey et al., 2004). To determine if the new 
combination mutants also have a longer primary root, plants were grown for 10 days on 
media containing no hormones. The taa1 ibr3 mutant and the mes17 ill2 ilr1 mutants 
both had a primary root length that was longer than both the parent mutants and wild type 
(Figure 6-4). Although the taa1 ill2 iar3 mutant had a slightly longer root than wild type, 
it was not longer than the taa1 parent (Figure 6-4). Plants constitutively expressing IBR3 
displayed a primary root slightly shorter that wild type indicating that it may have a 
higher amount of auxin. The other mutants and constitutive expression lines show wild 
type phenotypes (Figure 6-4). 
 Because lateral root defects are seen in auxin mutants, including auxin input 
combination mutants, lateral root density was examined. Lateral root density is the 
number of lateral roots per millimeter of primary root length. Lateral root defects were 
seen in the taa1 ibr3 and taa1 ill2 iar3 mutants (Figure 6-5A) while increased lateral root 
density was seen in the plants constitutively expressing IBR3 (Figure 6-5B). The root 
phenotypes indicate that the taa1ibr3 and taa1 ill2 iar3 mutants probably have low auxin  
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Figure 6-4: Increased primary root length is seen in the taa1ibr3 mutant.  A) 
Combination mutants were grown on media without hormone and root length was 
measured. n>15; error bars represent standard error.   
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levels while plants constitutively expressing IBR3 probably have increased auxin levels. 
All other mutants tested did not show lateral root density different from wild type. 
6.3. Auxin biosynthesis gene expression is activated in response to 
altered auxin homeostasis. 
 
 Other IAA-input pathways are upregulated to compensate for the loss of IAA 
storage metabolism (Chapter 4). To determine if this was also occurring in the new 
combination mutants as well as to investigate transcriptional changes in the 
overexpression lines, qPCR was performed to analyze gene expression of different IAA 
biosynthetic pathways. The TAA/YUCCA pathway was upregulated in the combination 
mutants that had disruptions in IBA metabolism and an addition input pathway. TAA1 
and YUC2 were tested in the new combination mutants to determine if they were also 
upregulated. As expected, no signal was detected for TAA in the taa1 ill2 iar3 mutant. 
Both TAA1 and YUC2 were upregulated in the mes17 ill2 ilr1 mutant but not as highly 
upregulated as seen in the IBA metabolism/ IAA conjugate hydrolase mutants (Figure 6-
6A and 4-11A). YUC2 appears to be downregulated in both the ILR1 and IAR3 
constitutive expression lines (Figure 6-6A). This decrease supports the hypothesis of a 
feedback loop; the plant is able to sense IAA levels being produced from IAA-conjugates 
and is therefore downregulating de novo IAA biosynthesis. 
Although the TAA/YUCCA pathway is thought to be the main de novo auxin 
biosynthetic pathway (Chapter 1.1.c), other de novo biosynthesis pathways do exist. 
Expression analysis was first performed on the ibr1 ill2 iar3 ilr1 mutant (Figure 6-7 and 
4-11). Expression of representatives from some of the alternative de novo biosynthetic 
pathways (Chapter 1.1.c and Figure 1-2) were examined in all of the higher-order lines,  
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Figure 6-5: Changes in lateral root density are seen in mutants.  A) Root density (the 
number of lateral roots per millimeter of primary root length) was measured in the 
taa1ibr3 and the taa1ill2iar3 mutants. n>15; error bars represent standard error. Asterisks 
indicate statistically significant results between each mutant and wild-type on media 
supplemented with a hormone by Student’s t test (p < 0.05). B) Plants overexpressing 
IBR3 have increased lateral root density. n>15; error bars represent standard error.  C) 
Lateral roots were measured after 14 days in the mes17ill2ilr1 mutant as well as lines 
overexpressing ILR1 and IAR3. n>15; error bars represent standard error. 
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Figure 6-6: Auxin de novo biosynthesis gene expression is altered in mutants. 
Expression analysis was performed using quantitative PCR of A) TAA1 and YUC2, B) 
NIT2, C) PAI3, and D) SUR2.   Expression is shown relative to wild type and transcript 
levels of target genes were normalized to expression of Ubiquitin 10 (At4G05320).  n>2; 
error bars represent standard error.   
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Figure 6-7: Most auxin de novo biosynthesis genes are upregulated in the 
ibr1ill2iar3ilr1 mutant. Expression analysis was performed using quantitative PCR of 
indicated genes on wild type (grey) and ibr1ill2iar3ilr1 (pink).   Expression is shown 
relative to wild type and transcript levels of target genes were normalized to expression 
of Ubiquitin 10 (At4G05320).  n>2; error bars represent standard error. 
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Figure 6-8: Expression of other IAA input pathways are altered in the mutants. 
Expression analysis was performed using quantitative PCR of A) IBR3 and B) MES17.   
Expression is shown relative to wild type and transcript levels of target genes were 
normalized to expression of Ubiquitin 10 (At4G05320).  n>2; error bars represent 
standard error. 
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including the ibr1 ill2 iar3 ilr1 mutant. NIT2 was upregulated in the taa1 ill2 iar3 mutant 
but not the other mutants (Figure 6-6B). NIT2 was also slightly down regulated in the 
plants constitutively expressing IBR3 and IAR3 but unchanged in plants constitutively 
expressing ILR1 and the taa1 ibr3 and mes17 ill2 ilr1 mutants (Figure 6-6B). PAI3 was 
only upregulated in the mes17ill2ilr1 mutant (Figure 6-6C). SUR2 was upregulated in the 
IBR3 constitutive expression plants but not in any of the other mutants (Figure 6-6D). 
The expression patterns seen in the mutants indicate the plant is able to sense disruptions 
in IAA homeostasis and is thereby reacting by changing expression of functional 
biosynthetic pathways.   
 Because storage input pathways are also upregulated to maintain auxin 
homeostasis (Figure 4-11), I examined expression of IBR3 and MES17 (Figure 6-8). As 
expected, IBR3 was expressed 9 times more than wild type in the Col35SIBR3 plants. The 
mes17 ill2 ilr1 mutant also displayed an increase in IBR3 expression, indicating that IBA 
metabolism may be upregulated (Figure 6-8A). MES17 expression was significantly 
decreased in the mes17 ill2 ilr1 mutant, as expected (Figure 6-9B), and increased in the 
taa1 ibr3 mutant. These results are similar to results seen in the ibr3 ill2 iar3, ibr1 ill2 
iar3 ilr1, and mes17 ibr3 mutants (Figure 4-11) and support the conclusion that a 
feedback loop exists allowing the plant to sense loss of the input pathways or low auxin 
and therefore the plants are able to upregulate functional input pathways in order to 
maintain auxin homeostasis. More biological replicates as well as RNAseq may help 
better elucidate how the plant is maintaining auxin homeostasis. 
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6.5. IBR3 and ECH2 protein extraction from plants to test protein 
activity 
  
 Activity of the IAR3, ILL2, ILR1, and MES17 proteins has been tested using in 
vitro biochemical assays (LeClere et al., 2002; Yang et al., 2008). Although mutations 
disrupting IBA response genes, including ibr3 and ech2, display resistance to IBA 
(Zolman et al., 2007; Strader et al., 2011) and the triple mutant converts less labeled IBA 
to IAA (Strader et al., 2010), the specific enzymatic activity of these proteins has never 
been confirmed. To test enzymatic function of IBR3, plants were transformed with IBR3 
cDNA under control of the 35S promoter with a Histidine (His) tag at the N-terminus. 
Tag location was chosen to prevent mislocalization because IBR3 contains a C-terminal 
peroxisome targeting signal. Expression of this construct is able to rescue the IBA 
resistant phenotype of the mutant, indicating that the IBR3 protein is folding and 
functioning correctly (Figure 6-9A). Presence of His-IBR3 was confirmed by western 
(Figure 6-9B). His-IBR3 was purified from plants using a Nickel column that bound to 
the His tag. Purification of proteins was confirmed using a Swift membrane stain, and 
presence of the protein was confirmed via western blot analysis. IBA contains an ACAD 
domain (Chapter 1.1.e) and therefore, the activity is likely to be that of a dehydrogenase 
or oxidase. The hypothesized substrate for IBR3 is IBA-CoA (Figure 1-4). However, 
IBA-CoA could not be generated by multiple labs. The dehydrogenase assay was 
attempted using different chain length fatty acids, with the hypothesis that IBR3 may be 
able to act on fatty acid substrates. Some mutants in enzymes involved in fatty acid β-
oxidation display IBA resistant phenotypes, indicating there may be overlapping activity  
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Figure 6-9: IBR3 and ECH2 constructs are expressed in the plants. A) Expression of 
the His-IBR3 construct restores IBA sensitivity in the mutant. n>15; error bars represent 
standard error. B) Western blot after His-IBR3 protein extraction from the plant. Number 
1-14 are represented from the Col35SIBR3-H D line. C) Western blot after HA-ECH2 
protein extraction from the plant.
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between these two pathways. However, no activity was seen with these substrates (data 
not shown).  
Plants expressing the ECH2 cDNA under control of the 35S promoter and 
containing a N-terminal HA tag were obtained from Dr. Lucia Strader (Strader et al., 
2011). These constructs rescue the IBA resistant phenotypes in the ech2 mutant (Strader 
et al., 2011), suggesting proper folding and functioning. Presence of HA-ECH2 was 
confirmed by western blot (Figure 6-9C). HA-ECH2 was purified from plants using anti-
HA agarose beads. Purification of the protein was confirmed using a membrane stain, and 
presence of the protein was confirmed via western blot analysis. ECH2 is predicted to be 
an enoyl hydrastase or thioesterase because it contains both an ECH and hot dog domain 
(Chapter 1.1.e). The hypothesized substrate for ECH2 is IAA-CoA. While IAA-CoA was 
generated by one lab, it was only stable at a pH of 1. The lab could not make IAA-CoA at 
pH more suitable for enzyme assays.  
6.6. Discussion 
 
 Auxin is a vital plant hormone. Too much or too little auxin results in 
developmental defects or lethality. Certain forms of auxin are also used as herbicides or 
in horticulture to induce rooting (Sharma and Aier, 1989) emphasizing the importance of 
tight regulation over auxin levels. A genetics approach examining how multiple input 
pathways are collaborating to insure the plant maintains optimal auxin levels has revealed 
a feedback loop as well as a novel role for auxin in germination. Although germination 
defects were seen in combination mutants disrupting both IBA metabolism and IAA-
conjugate hydrolysis, no germination defects were seen in the taa1 ibr3 and taa1 ill2 iar3 
mutants. This may be because auxin levels are not significantly lowered in these mutants. 
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One reason auxin levels may not be decreased in these mutants is redundancy. Both 
TAR1 and TAR2 are still functional in the mutant and the taa1 tar2 mutant shows strong 
developmental phenotypes (Stepanova et al., 2008), including defects in germination 
(Figure 5-5), indicating TAR1 and TAR2 may be able to compensate for the loss of TAA1 
and prevent changes in auxin levels.  
 Plants constitutively expressing IAR3, ILR1, or IBR3 would be hypothesized to 
have increased auxin levels, which may lead to earlier germination. However, the 
constitutive expression lines germinated similar to that of wild type. Auxin measurements 
in these mutants will determine if the plants do in fact have increased IAA levels. 
However, because it is unclear how IAA is working to influence germination, even if the 
plants do have increased IAA levels, they may not necessarily display early germination. 
Evidence supporting this hypothesis is that when wild type seeds germinated in the 
presence of IAA do not germinate early. Alternatively, increased IAA levels may not be 
seen in these plants because IAA is being degraded (or sequestered) at a rate consistent 
with the production of IAA. RNAseq may also reveal changes in gene expression that 
could be used to explain the normal germination phenotype observed. The role of auxin 
in germination may also be based on cell-specific or organ-specific accumulation. 
 Only the taa1 ibr3 mutant was unable to properly maintain its apical hook (Figure 
6-2). This phenotype is similar to the phenotype seen in the IBA metabolism/ IAA-
conjugate hydrolase. Although IBA metabolism/ IAA-conjugate hydrolase mutants do 
have decreases in auxin levels, auxin levels are not decreased in the growing tissue 
(meristem + hypocotyl tissue). This, taken together with the taa1 ibr3 mutant phenotype, 
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leads to the possibility that IBA-derived IAA, as well as the overall IAA pool, is 
necessary for apical hook maintenance.  
 Primary root length is inhibited by auxin. The IBR3 constitutive expression lines 
displayed a decrease in primary root length and increase lateral root density, suggesting 
an increase in auxin levels, while the taa1 ibr3 mutant has a longer primary root and 
decreased lateral root density indicating a decrease in IAA levels (Figure 6-5). Although 
these phenotypes indicate changes in auxin level, whether IBA-derived IAA or total IAA 
levels is controlling root development remains unknown. 
 A feedback loop was identified by examining combination mutants. By 
examining different combination mutants as well as expression of other genes, we can get 
a better understanding of how the plant is maintaining auxin homeostasis. The main de 
novo auxin biosynthetic pathway, the TAA/YUCCA pathway, is significantly 
upregulated in mutants combining disruptions in IBA metabolism and IAA conjugate 
hydrolysis (Figure 4-11A). However, only YUC2 is slightly upregulated in the mes17 ill2 
ilr1 mutant (Figure 6-6A). This is probably because this mutant does not have a low 
enough IAA level to warrant strong upregulation of the TAA/YUCCA pathway. 
 Why SUR2 upregulation is seen (Figure 6-7) is unknown. Generally SUR2 
expression increases when high levels of auxin are present which may be why SUR2 is 
upregulated in the IBR3 constitutive plants. However, why it is upregulated in the ibr1 
ill2 iar3 ilr1 mutant is unknown. It may be that SUR2 is upregulated in response to high 
IAA levels or increased IAA de novo biosynthesis rates. 
 Examining auxin homeostasis in the plant will allow for a more complete 
understanding of how levels of this vital hormone are maintained. Auxin levels are tightly 
Spiess, Gretchen, 2014, UMSL, p. 135 
 
controlled in the plant with too much or too little leading to developmental defects or 
plant death. Elucidating the feedback mechanism that allows the plant to sense low or 
high auxin levels is necessary for a complete understanding of auxin homeostasis. 
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Chapter 7: The role of IBA in Zea mays 
 
Although IBA metabolism has not been examined in maize, IBA is known to 
accumulate in both the roots and shoots of the plant (Ludwig-Müller and Epstein, 1991). 
Application of either IBA or IAA initiates lateral roots, indicating that maize is able to 
convert IBA to IAA (Figure 7-1)(Ludwig-Müller and Epstein, 1991). In fact, IBA has 
long been used to stimulate rooting in horticulture but the mechanism by which this 
occurs is unknown (Epstein et al., 1989). In maize, increases in IBA concentrations are 
seen in response to drought stress and specific fungal infections (Kaldorf and Ludwig-
Müller, 2000; Simon and Petrášek, 2011). Since IBA is involved in root and vascular 
architecture, understanding IBA metabolism in maize may lead to engineering crops with 
more efficient root structure and increased biomass.  
My goal was to better examine the role IBA plays in development of the maize 
plant. Dr. Bethany K. Zolman initially identified maize genes similar to AtIBR1, AtIBR3, 
AtIBR10, and AtECH2, and I completed additional phylogenetic examination of these 
four genes throughout the plant kingdom. A review by Gretchen M. Spiess and Bethany 
K. Zolman titled “Peroxisomes as a Source of Auxin Signaling Molecules. In LA del Río, 
ed, Peroxisomes and their Key Role in Cellular Signaling and Metabolism,” included 
some of the material presented in this Chapter. vt2 seeds were given to me by Dr. Paula 
McSteen and qPCR using vt2 seeds was performed in collaboration with Dr. Paula 
McSteen. My focus was on ZmIBR3 and ZmECH2, but I also briefly analyzed a ZmIBR10 
mutant. I hypothesized that these enzymes will have roles similar to those of their 
Arabidopsis orthologs because IBA has been found in maize and IBA has long been used 
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Figure 7-1: Maize plants respond similar to IBA and IAA. Maize seedlings were grown 
in bags with just water, IBA, and IAA. Plants were imaged after 5 days.   
H
2
O 200 nM IAA 20 µM IBA 
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Table 7-1: Arabidopsis and maize gene homologs: 
Gene Atg no. GRM no. % 
similar. 
Mutator Transposon Ac/Ds 
Transposon 
IBR31 
IBA-
response 3 
3g06810 GRMZM2
G001297 
80 mu-illumina_75350.2 B.S07.0580R 
148kb 
IBR102 
IBA-
response 10 
4g14430 
 
GRMZM2
G101457 
 
68.7 mu-illumina_55158.2 
mu-illumina_69636.2 
I.S06.2347 
142.4kb 
ECH23 
Enoyl-CoA 
Hydratase 
1g76150 
 
GRMZM2
G158629 
 
78.1 mu1017538 B.S07.0089R 
105.4kb 
IBR1a2 
IBA-
response1 
4g05530 GRMZM2
G109743 
82.7 
 
mu1018784 
 
 
IBR1b2 
IBA-
response1 
4g05530 GRMZM2
G041694 
81 mu-illumina_54827.2  
1(Zolman et al., 2007), 2(Zolman et al., 2008), 3(Strader et al., 2011) 
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7.1. Maize is able to metabolize IBA. 
 
To ensure maize plants are able to metabolize IBA, maize plants in the W22 
background were grown in bags with germination paper. Either water, IBA, or IAA was 
applied to the germination paper daily starting on day three. The seedlings grown on IBA 
and IAA both had a shorter primary root and an increase in number of lateral roots 
indicating that the seedlings were able to convert IBA to IAA (Figure 7-1). 
7.2. Phylogenetic analysis of IBA metabolism genes. 
 
When I examined the maize genome looking for the four genes proposed to be 
specifically involved in IBA metabolism, one ortholog for each IBR3, IBR10, and ECH2 
were found. IBR1 had two orthologs that are 82.7% and 81% similar to the Arabidopsis 
copy (Table 7-1). After initial identification of maize orthologs, I evaluated if IBR1, 
IBR3, IBR10, and ECH2 were evolutionary conserved from dicots, monocots, 
bryophytes, lycophytes, and algae by looking for sequences similar to the Arabidopsis 
genes using Phytozome. I found that IBR3, IBR10, and ECH2 only had one copy that 
was conserved throughout evolution (Figure 7-2 to 7-4). However, IBR1 has one copy 
conserved except in sorghum and maize where two copies are found indicating a 
duplication event may have occurred (Figure 7-5). Because IBA metabolism occurs in the 
peroxisome, sequences were also examined to ensure they contained a peroxisome 
targeting signal. 
In order to further examine the importance of these genes, publically available 
RNAseq data was used (Sekhon et al., 2011) to examine expression of the genes 
throughout different tissues. They are all expressed in most tissues. One copy of IBR1  
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Figure 7-2: IBR3 is evolutionary conserved. (a) IBR3 domain structure includes an N-
terminal ACAD10_aa like domain with predicted APH activity and a C-terminal ACAD 
domain proposed to act in IBA metabolism. (b) Phylogenetic analysis of Arabidopsis 
At3g06810. Sequences were obtained using a BLASTP search of the phytozome 
(Goodstein et al., 2012) and NCBI databases for similar sequences. ClustalW protein 
alignments were performed using MEGA 5.05 (Tamura et al., 2011). Maximum-
likelihood trees were constructed using MEGA 5.05. Species included are dicots 
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{Aquilegia caerulea (Colorado Blue Columbine), Arabidopsis lyrata, Arabidopsis 
thaliana, Brassica rapa (turnip), Capsella rubella, Carica papaya (papaya), Citrus 
clementina (Clementine), Citrus sinensis (orange), Cucumis sativus (cucumber), 
Eucalyptus grandis (Rose gum), Glycine max (soybean), Linum usitatissimum (flax), 
Malus domestica (apple), Manihot esculenta (Cassava), Medicago truncatula (Barrel 
Clover), Mumulus guttatus (Monkey flower), Populus trichocarpa (Poplar), Phaseolus 
vulgaris (Green bean), Prunus persica (peach), Ricinus communis (castor oil), 
Thellungiella halophila (Salt tolerant relative of A. thaliana), and Vitis vinifera (Grape 
Vine)}; monocots {Brachypodium distachyon (purple false brome), Oryza sativa (Rice), 
Setaria italic (foxtail Millet), Sorghum bicolor (Sorghum), and Zea mays (corn)}; a 
lycophyte {Selaginella moellendorfii (fern)}; a bryophyte {Physcomitrella patens 
(moss)}; and alga {Chlamydomonas reinhardtii (green alga) and Volvox carteri 
(Chlorophyte alga)}.  The number at the bottom indicates the number of amino acid 
substitutions per site.    
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Figure 7-3: IBR10 is evolutionarily conserved. (a)  IBR10 domain structure includes a 
large crotonase-like/enoyl CoA hydratase (ECH) domain. (b) Phylogenetic analysis of 
Arabidopsis At4g14430, generated as described in Figure 2. 
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Figure 7-4:  ECH2 is evolutionarily conserved. (a) ECH2 domain structure has an N-
terminal hotdog domain with a C-terminal HDE_HSD hydratase domain associated with 
enoyl-CoA hydratase, dehydrogenase, and epimerase activities.  (b) Phylogenetic analysis 
of Arabidopsis At1g76150, generated as described in Figure 2.   
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Figure 7-5:  IBR1 is evolutionarily conserved. (a) IBR1 domain structure has a short-
chain dehydrogenase/reductase (SDR) domain with a Rossman fold for cofactor binding. 
(b) Phylogenetic analysis of Arabidopsis At4g05530, generated as described in Figure 7-
2.   
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(designated IBR1a) was more highly expressed throughout the plant than the second copy 
of IBR1 (designated IBR1b) (Figure 7-6). This may be because IBR1a is more important 
for IBA metabolism than IBR1b. To avoid confusion, Zm is written before all maize 
genes. 
7.3. Mutants defective in IBA metabolism have developmental defects. 
 
In order to investigate the role of IBA in maize, I examined mutants in the 
identified maize orthologs. Because Mutator (Mu) lines are easy to obtain, I used Mu 
lines for ZmECH2, ZmIBR3, ZmIBR1, and ZmIBR10 (Table 1). One of the Zmibr3 lines 
as well as the Zmibr1 and Zmibr10 lines were obtained from the UniformMu collection. 
Additional Zmibr3 lines along with the Zmech2 lines were obtained from the TUSC 
collection held by Robert Meeley at Pioneer.  I also identified close Ds insertions that 
could be jumped into the gene to make additional alleles (Table 1). Genotypes for all 
mutants were confirmed using a primer within the insertion and one in the gene as well as 
both primers in the gene spanning the insertion. I crossed the UniformMu lines into the 
B73 background because it is better agronomically for field growth in Missouri than the 
W22 background. Also, mutator is a high copy transposon, so due to the potentially high 
number of unlinked Mu insertions, the mutants were backcrossed three generations to 
B73 in order to remove unwanted Mu insertions. Mutants from the TUSC collection were 
crossed to MuKiller in the B73 background to prevent more copies of Mu being inserted 
in the genome. 
Initial characterization of mutants defective in IBA metabolism revealed 
developmental defects similar to other auxin mutants in maize. Several of the phenotypes  
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Figure 7-6: IBA metabolism genes are expressed in all tissues. Publically available 
RNAseq data (Sekhon et al., 2011) shows that IBR1, IBR3, IBR10, and ECH2 are 
expressed in all tissues.  11 example tissues spanning development are shown here.  
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Figure 7-7: Zmech2 ears show developmental defects. (A) Wild type, (B) Zmech2 with 
random embryo placement, and (C) Zmech2 with ball shaped ear.  
B 
C 
A 
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Figure 7-8: Zmech2 ears have masculinized tip. (A) Wild type, (B and C) Zmech2 with 
masculinized tassel. 
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Figure 7-9: Zmibr3 mutants show dwarfism in field. Images of Zmibr3 mutants, wild-
type, and ibr3 heterozygous (ibr3/+) grown in Columbia field in 2013 show A-B) ibr3 is 
shorter than wild-type and C-D) ibr3 mutants have narrower and leaves than wild-type. 
  
ibr3/ibr3 +/+ ibr3/+ ibr3/ibr3 A. B. 
+/+ ibr3/ibr3 C. D. 
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seen were noticed in the ear. Zmech2 produced ears with decreased number of kernel 
rows and decreased number of kernels as well as a ball shaped ear compared to wild type 
(Figure 7-7). This phenotype is seen is several other auxin mutants. For example, the 
auxin transport mutants bif1 and sos1 also have decreased number of kernels and mutant 
ears look similar to that of the ears of Zmech2 and Zmibr3.Several of the Zmech2 and 
Zmibr3 ears also had a masculinized tip (Figure 7-8). 
 When initially grown in the greenhouse, Zmibr3 was white, indicating a lack of 
chlorophyll, and died before reaching two weeks old. This phenotype was rescued by 
placing the seedlings in a high CO2 chamber made by placing dry ice in a large clear 
plastic bag. However, it could not be rescued by application by sucrose, which can 
sometimes bypass defects by providing the plant with a source of sugar in the absence of 
photosynthesis. This could be due to not using high enough concentrations of sucrose or 
because sucrose was not taken up into the plant. When Zmibr3 was planted in a field, it 
was pale but not white (Figure 7-9 A and B). 8 other alleles in Zmibr3 that are present 
throughout the gene did not show this pale phenotype, indicating that it may be due to a 
secondary mutation in the plant. Future backcrossing to B73 will elucidate whether this 
phenotype is due to secondary mutations or the insertion in Zmibr3.   
When planted in the field, Zmibr3 plants demonstrated a dosage effect. The wild 
type is tall, while the homozygous mutant is short and the heterozygous is an 
intermediate height (Figure 7-9 A and B). Multiple Zmibr3 alleles also showed decreased 
leaf width between the wild type, heterozygous, and mutant plants (Figure 7-9 C and D). 
Tassel length and tassel branching are very important to the plant and as an 
agricultural trait. A small tassel leads to decreased amounts of pollen and therefore a  
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Figure 7-10: Zmibr3 shows decreased tassel branching.
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Figure 7-11: Zmibr3 and Zmibr10 display adult plant growth defects. (A) Leaf width 
was measured at the largest point of the eighth leaf. (B) Leaf length of the 8th leaf was 
measured in cm. (C) Stalk width was measured at the largest point of the stalk. (D) Ear 
length was measured at harvest. All measurements were taken after growth in the 
greenhouse and plants had produced a tassel. n>7 for all measurements. Error bars 
represent standard error.
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decreased chance of reproduction. Many of these mutants are even named for their severe 
tassel defects including the auxin transport mutant bif1 and the auxin de novo 
biosynthesis mutants vt2 (Phillips et al., 2011). Zmibr3 also show one of the main auxin 
phenotypes of decreased tassel branching (Figure 7-10), indicating that IBA is playing an 
important role in overall auxin homeostasis in maize. 
Plants defective in auxin homeostasis also have many developmental defects in 
the vegetative tissue. Many of these plants are dwarf and have narrower leaves (Phillips 
et al., 2011). These defects decrease the plants biomass and also make it more difficult 
for the plant to compete for sunlight and nutrients from neighboring plants. For instance, 
vt2 plants display very severe phenotypes being much shorter than wild type with shorter, 
narrower leaves (Phillips et al., 2011). Zmibr3 and Zmibr10 had overall decreases in plant 
height, narrower leaves, narrower stem width, and small changes in leaf length (Figure 7-
11). Although these phenotypes are significantly different than wild type, they are not as 
severe as mutations seen in the de novo biosynthesis mutant vt2. This indicates that 
although IBA derived IAA is necessary for proper development of the plant, de novo 
biosynthesis is likely playing a more important role in the developmental stages 
examined.  
The overall developmental phenotypes seen in the lines disrupting ZmIBR3, 
ZmIBR10, and ZmECH2 demonstrate the importance of IBA metabolism in the plant. A 
more complete analysis using multiple insertion lines and lines that have been 
backcrossed more generations to get rid of Mu insertions that are still present should 
reveal more developmental defects in these mutants and will hopefully allow for a better 
understanding of how IBA is contributing to overall auxin levels in the plant. 
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7.4. IBA metabolism is upregulated in the roots of vt2 mutants. 
  
 To further investigate the role IBA-derived IAA is playing in the plant, I 
examined expression of IBA metabolism genes. In maize, auxin mutants had severe 
phenotypes suggesting auxin homeostasis is not maintained. Therefore, I used the well 
characterized de novo biosynthesis mutant vt2, which acts in conversion of Trp to IPyA 
(Figure 1-2) (Phillips et al., 2011), to examine expression of IBA metabolism genes. 
Because I had seen that Arabidopsis plants attempt to maintain auxin levels in the plant 
by upregulating functional auxin input pathways (Figure 4-11, 6-6 – 6-8), I hypothesized 
that IBA-metabolism genes would be upregulated in de novo biosynthesis mutants. vt2 
mutants are maintained as heterozygous plants because the homozygous mutants do not 
produce seed. Seeds were planted in bags and genotyped at ten days old. Expression of 
IBR3, ECH2, and IBR10 were evaluated in the first leaf, second leaf, coleoptile, and root 
tissue in vt2 mutants and sibling wild-type lines (Figure 7-12). These tissues were chosen 
because the tissue could be removed quickly, therefore, preventing expression changes 
during the dissection process. IBR3 and ECH2 were clearly upregulated in roots in the vt2 
mutant compared to wild type, but not significantly changed in leaf one, leaf two, or 
coleoptile (Figure 7-12 A and B). While IBR10 was slightly upregulated in the roots, it 
was also upregulated in the coleoptile (Figure 7-12 C). 
7.5. Discussion 
Auxin is an important phytohormone needed for normal growth and development. 
Although free IAA can be derived from a variety of pathways, these pathways are tightly 
controlled to maintain optimal levels of IAA in the plant. IBA is one of the pathways 
necessary for IAA homeostasis in maize. IBA metabolism genes, IBR3, IBR1, IBR10, and  
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Figure 7-12: Expression of IBA metabolism genes are upregulated especially in the 
root. Expression of ECH2 (A), IBR3 (B), and IBR10 (C) in the first and second leaves, 
coleoptile, and root in vt2 and Wild type (Wt). Error bars represent standard error 
Expression is shown relative to wild type and transcript levels of target genes were 
normalized to expression of Ubiquitin 10 and GAPDH.  n>3; error bars represent 
standard error.   
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ECH2 are conserved across a wide array of species with only one gene showing two 
copies, IBR1 (Figure 7-5). The conservation of this pathway demonstrates the importance 
of IBA metabolism throughout plants. 
Zmibr3, Zmech2, and Zmibr10 show phenotypes similar to other auxin mutants, 
such as decreased tassel branching, narrower leaves, and decreased kernel number 
(Figure 7-11). Many characterized auxin mutants display theses phenotypes because of 
abnormal development with the apical meristem or problems with apical meristem 
maintenance (McSteen et al., 2007; Phillips et al., 2011). This may also be the case with 
the IBA-metabolism mutants, but future experiments are necessary to evaluate meristem 
development.  
The masculinized tip seen in the Zmech2 and Zmibr3 ears (Figure 7-9) was also 
seen in a screen that mutagenized ra1 (Gallavotti et al., 2010). A mutant identified in that 
screen was involved in auxin signaling, indicating the tight link between auxin and ear 
formation. 
To further examine the role of IBA in auxin homeostasis in maize, I examined 
expression of IBA metabolism genes and found them to be upregulated in the vt2 mutant. 
IBR3 was upregulated 9 fold and ECH2 was upregulated 3 fold (Figure 7-12). IBR3 may 
be upregulated more than ECH2 because IBR3 is the rate limiting enzyme. Examining if 
IBR3 is always upregulated significantly more than other IBA-metabolism genes in other 
tissues as well as other backgrounds might help elucidate if IBR3 is in fact the rate 
limiting step. Expression of IBR10 was elevated in Leaf 1, the coleoptile, and the root. 
However, expression of IBR10 in all tissues (Figure 7-2) is lower compared to IBR3, 
ECH2, and IBR1a. This may be because IBR10 is acting in a different pathway and 
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ECH2 is able to act in both steps of the pathway in maize (Figure 1-4), or only low levels 
of IBR10 are necessary. However, IBR10 does contain a peroxisome targeting signal and 
a mutation in the gene displays phenotypes similar to those seen in Zmibr3 mutants 
(Figure 7-11), suggesting it is involved in IBA metabolism. It may also be that ECH2 and 
IBR10 are interchangeable in the maize plant and both can act at either step in the 
pathway. 
Elucidating the role of IBA in maize will allow for a better understanding of 
maize growth and development, specifically root and vascular architecture. The benefits 
of IBA have been used by the horticulture for many years to stimulate rooting, but how 
this process works has not been determined in crop species. Using maize as a model, I 
have started to elucidate the role of IBA in a cereal crop in ways that may be 
advantageous to agriculture.  
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Chapter 8: Discussion 
 
 Auxin is a phytohormone necessary for plant growth and development. Auxin 
responses are regulated by homeostasis, directional transport, and signaling which enable 
the plant to maintain precise levels of auxin.  Homeostasis includes biosynthesis, 
oxidative degradation, and auxin modifications.  One way auxin works is by triggering 
transcriptional changes that in turn cause developmental changes in the plant. My thesis 
focused on elucidating how IAA-input pathways are collaborating in order to maintain 
auxin levels as well as examine the roles of these IAA-inputs both individually and in 
combination during development.   
IBA and IAA conjugates are necessary to maintain proper levels of auxin in the 
plant. Loss of individual pathways leads to specific physiological responses in unique 
ways suggesting each form of auxin is required for specific stages of development.  For 
example, the ech2 ibr3 ibr1 ibr10 mutant disrupting IBA responses has defects in 
cotyledon expansion (Strader et al., 2011) while mes17 has a moderate hypocotyl 
elongation defect (Yang et al., 2008).  The plant may possess multiple IAA input 
pathways for two reasons. First, it could be because each pathway is playing a distinct 
role in development. Second, having multiple auxin input pathways guarantees that a 
plant will be able to regulate the critical hormone even if one pathway is disrupted.   
In maize, disruption of a single IAA input pathway causes developmental defects. 
These defects are seen in leaf development as well as in the ear and tassel (Figure 7-7 to 
7-11). Stronger phenotypes are seen in the vt2 mutant (Phillips et al., 2011), which is 
named for its inability to produce a normal tassel. Although it appears maize has as many 
IAA input pathways as Arabidopsis, disruptions in individual pathways lead to severe 
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developmental defects so it may be that each pathway is contributing uniquely to 
development and cannot be compensated by other pathways. It may also be possible that 
IBA and de novo biosynthesis are the two main pathways acting to maintain IAA 
homeostasis in the plant. Analysis of single mutants in other input pathways may help 
elucidate how large of role they are playing in maize development. 
Examining higher-order mutants disrupting input pathways has allowed a better 
understanding of how homeostasis is maintained. Mutant plants had developmental 
phenotypes indicative of changes to the IAA pool.  iar3 ill2 ibr3 and ill2 iar3 ilr1 ibr1 
mutants had germination defects that were alleviated by low concentrations of IAA 
(Figure 4-3), suggesting IAA derived from these modified forms is contributing to seed 
germination. GA was also able to rescue the germination defect seen in these mutants 
suggesting that adequate levels of both IAA and GA are necessary for germination 
(Figure 5-4). IAA may be acting to induce GA biosynthesis and/or response or IAA and 
GA may be acting independently to induce germination. In pea shoot development, IAA 
is necessary for GA biosynthesis by working through PsGA3ox1 (Ross et al., 2000). It 
may be that a similar mechanism is occurring in seed germination. Application of ABA 
and ethylene did not rescue or enhance the germination defect (Figure 5-8), giving 
evidence for a specific link between GA and IAA in germination and not between IAA 
and ABA.  
 Most of the combination mutants had altered root length and lateral root initiation 
defects under normal conditions that were rescued by auxin application (Figures 4-6, 4-7, 
6-4, and 6-5), giving evidence that low IAA levels were the cause for the root defects. 
Plants constitutively expressing IBR3 had an increase in root density while plants 
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constitutively expressing IAR3 or ILR1 did not have changes in root development, 
suggesting that while Col35IBR3 plants have higher IAA levels, the Col35IAR3 and 
Col35SILR1 plants probably do not or the changing auxin levels are not in the right cell 
type to induce rooting. Overall, these results support a role for IBA, IAA conjugates, and 
de novo biosynthesis in controlling root architecture.   
Some adult phenotypes, including flowering time defects and leaf curling, were 
only present in the mutants combining IBA response and IAA conjugate hydrolase 
defects (Figures 4-8). The adult phenotypes may be due to decreased IAA levels or it may 
be due to accumulation of IBA or IAA-conjugates and could be determined by 
measurement of IAA-conjugates and IBA. Only the IBA metabolism/ IAA conjugate 
hydrolase mutants display adult phenotypes, however, a thorough characterization of 
mutants combining defects in de novo biosynthesis is necessary to ensure they do not 
have adult phenotypes as well.   
Although overall auxin levels are important for the plant to maintain normal 
development, the source of auxin appears to be important as well. The IBA metabolism/ 
IAA conjugate hydrolase mutants display several developmental phenotypes but have 
normal gravitropic responses and normal pavement cell growth. The quadruple mutant 
disrupting IBA-response genes shows a cell expansion defect (Strader et al., 2011) while 
the de novo biosynthesis mutant taa1 (Stepanova et al., 2008) shows defects in response 
to gravity, indicating that where the IAA is coming from and not just over all IAA levels 
are important for the plant. 
 Many of the combination mutants displayed phenotypes indicative of low IAA 
levels. However, the plants still remain generally healthy with normal fertility. 
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Expression analysis of multiple genes involved in the different IAA-inputs revealed a 
feedback loop (Figure 4-11, 6-6, and 6-7) causing upregulation of functional IAA input 
pathways in mutants disruptive in auxin inputs. This feedback loop was not only seen in 
Arabidopsis combination mutants, but also in the maize de novo biosynthesis mutant vt2 
(Figure 7-12).  The mutants disrupting IBA metabolism in combination with mutations in 
MES17 or IAA-conjugate hydrolases upregulated de novo biosynthesis pathways as well 
as other functional input pathways. The taa1 ibr3 mutant upregulated MES17 while the 
vt2 mutant upregulated genes involved in IBA metabolism (Figure 7-12). Although many 
genes were upregulated in the mutants, a global upregulation of all genes involved in 
auxin homeostasis was not seen.  For example, only YUC2 and YUC4 were upregulated 
in the ill2 ilr1 iar3 ibr1 mutant leading to the conclusion that these two enzymes are most 
important in seedlings under the conditions they were grown. Tissue specific 
upregulation of IBA metabolism genes in maize (Figure 7-12) was also seen with IBR3 
and ECH2 being upregulated 10 and 3 fold, respectively, in the root, indicating a strong 
role for IBA metabolism in the roots.   
How the plant is sensing low IAA levels remains unknown. However, one gene 
involved may be PLT5, a Plethora transcription factor. Levels of PLT5 were upregulated 
in combination mutants with functional de novo biosynthesis. PLT5 is a known 
transcriptional activator of YUC4 but its ability to activate other input pathways has not 
been tested. However, it is likely that a different mechanism is also allowing for 
upregulation of the other de novo biosynthesis pathways as well as the other auxin input 
pathways. 
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Auxin homeostasis is being maintained by all input pathways working together. 
However, higher-order and combination mutants are necessary to elucidate how these 
pathways are working in Arabidopsis while mutants in single pathways reveal large 
developmental roles in maize. How these inputs are working together with auxin 
transport and degradation still needs to be examined. Some auxin storage forms can 
undergo additional modification. For example, IBA can be conjugated to IBA-sugar 
(Korasick et al., 2013) or IBA-amino acids (Campanella et al., 2004). How these 
modifications affect the auxin input pathways also needs to be examined. 
Overall, auxin is an important plant hormone that is regulated by many pathways. 
Although these pathways appear to be conserved between maize and Arabidopsis, the 
individual pathways may have different functions in development. Why single mutants 
have such strong developmental defects in maize and weak or no developmental defects 
in Arabidopsis needs to be examined. Future studies will be necessary for full 
understanding of how these pathways are controlling IAA levels as well as examining the 
connection between GA and IAA in seed germination.  
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